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ABSTRACT 
INVESTIGATION OF TRIBOCHEMICAL REACTIONS USING THE MODEL SYSTEM OF 
METHYLTHIOLATE ON COPPER FOIL IN ULTRAHIGH VACUUM AND AB-INITIO 
CALCULATIONS 
 
by 
Heather Adams 
The University of Wisconsin-Milwaukee, 2017 
Under the Supervision of Professor Tysoe 
 
Advancement in the understanding of tribochemical systems suffers from several obstacles that 
hinder the progress in advancing an understanding of the fundamental processes involved in the 
evolution of friction and wear. Characterizing ephemeral chemical states within a buried interface 
is an experimental challenge and work in this dissertation uses a model system, methyl thiolate on 
copper foil, that undergoes tribo-activated decomposition to investigate the rate of change of the 
chemical components in the interface.  The elementary steps in the tribochemical reaction were 
identified and consist of a shear-induced decomposition of methyl thiolate species to produce gas-
phase hydrocarbons and form surface sulfur, which is mechanochemically transported into the sub-
surface copper region resulting in changes in the friction coefficient.  A method has been developed 
to analyze the changes in sliding-induced gas-phase product formation and friction coefficient as 
a function of the number of passes over the surface with a tribopin.  Finally, the Vienna Ab-Initio 
Simulation Package (VASP) is used to calculate the methyl thiolate decomposition energies on 
Cu(100) as a function of load and the results are compared to the extended-Bell model.   
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Chapter 1  
Introduction 
 
 
Chemical reaction rates can be accelerated by supplying energy thermally, photochemically, by an 
external electrical potential, or mechanically, the mechanisms by which the latter operates being 
the least well-understood.1  Despite this lack of understanding, over the past decades, a large 
number of mechanochemical syntheses have been discovered. 2–5  Most fundamental insights into 
how mechanical energy can accelerate a chemical reaction comes from single-molecule force 
spectroscopy experiments6–8 that take advantage of the sensitivity of the atomic force microscope 
and this approach also enables the direction of the force to be controlled with respect to the surface-
mediated molecular orientation.  The results of such single-molecule pulling experiments have 
been analyzed theoretically using density functional theory (DFT), where, for example, it has been 
found that pulling alkyl thiolates from gold 9 or copper 10 causes gold or copper atoms to be plucked 
out of the surface along with the alkyl thiolate group.  
While such experiments and theoretical analyses provide an understanding of the effect of 
tensional forces, the majority of technologically important mechanochemical reactions are induced 
by interfacial shear, for example by ball milling or in a sliding contact, where a lubricant additive 
reacts with a surface to form a film that reduces friction and/or wear.  Perhaps the most 
economically and technologically important mechanochemistry involves the sliding-induced or 
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“tribochemical” reactions of additives in lubricating oils to form a film that reduces friction and/or 
wear; it has been suggested that about a third of the fuel in automobile engines is wasted in 
overcoming friction.11 Mechanochemical removal of adsorbed layers by shear has been observed 
in the atomic force microscope12–14 but the resulting small scan area precludes meaningful surface 
analyses of the rubbed region from being carried out.  DFT analyses have also been used to 
examine the effect of lateral force on adsorbed layers.  For example, it has been shown that shear 
forces on alkyl thiolates on gold cause lateral motion both of thiolate-gold entities and the surface 
gold layer 15 in accord with the restructuring of gold surfaces covered by sulfur-containing 
molecules during scanning.   
Analyzing the chemical processes occurring at such sliding solid-solid interfaces, and 
measuring their reaction rates, is the most challenging of surface chemistry problems since in situ 
spectroscopies, certainly surface-sensitive techniques based on electrons, are impossible.   Buried 
interfaces can be interrogated only using optical spectroscopies when one of the counter-faces is 
transparent 16  severely limiting the kinds of reactions capable of study. 
Because of the lack of access of spectroscopic probes (for example, photons or electrons) 
to a non-transparent solid-solid interface, there are, as far as we are aware, only three in-situ 
techniques available for studying chemical reactions and their rates at such interfaces.  The first is 
to measure the change in friction force as a surface reaction proceeds.  By arguing that the different 
intermediates and products have different characteristic frictional properties, the time dependence 
of the friction force (or friction coefficient) reflects the kinetics of the surface reaction.  Thus, if 
there are several reactants, intermediates and products on the surface, and if the ith component has 
a relative, pass-dependent coverage Θ𝑖(𝑝), with an associated friction coefficient 𝜇𝑖, then the time 
evolution of the friction coefficient 𝜇(𝑡) can be written as: 
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    𝜇(𝑡) = ∑ 𝜇𝑖Θ𝑖(𝑝)𝑖      (1). 
This approach is particularly useful in the case of a simple, first-order reaction, A(ads) →B(ads) since, 
𝜇𝐴 and 𝜇𝐵 can be measured before and after reaction to obtain the pass-dependent coverages and 
has recently been used to follow shear-induced reactions in an atomic force microscope (AFM). 17   
The second approach is to measure the electrical contact resistance while sliding.18 This 
technique tends to be more useful for thicker films, but is often difficult to interpret unless the film 
structure and its conductivity are known.  The final approach, developed as part of this dissertation, 
is to measure the gas-phase products evolved during rubbing using a mass spectrometer.  Since the 
amount of product formed from such a small contact is relatively low, these experiments are carried 
out under high19,20 or ultrahigh vacuum.  This approach allows both the reaction kinetics to be 
measured and the nature of the gas-phase products to be monitored. 
In this dissertation, Chapter 2 discusses the experimental techniques used in Chapters 4-6 
and 8, and Chapter 3 provides a brief summation of density functional theory methods used to 
analyze the data. 
In Chapter 4, these experimental challenges are addressed by using a model 
mechanochemical system consisting of a ball sliding on a methyl thiolate- (CH3–S–) covered 
copper surface in ultrahigh vacuum (UHV) and by measuring mechanochemical reaction kinetics 
from the gas-phase products formed during sliding.  While DMDS is not a commercial lubricant, 
it does have the essential ingredients of these additives since DMDS contains S–S linkages that 
are commonly found in commercial, sulfur-containing lubricants. Crucially, calculations of 
frictional heating for this experiment reveal a temperature rise much less than 1 K; the interfacial 
temperature is well defined and has a Boltzmann energy distribution.  The experiments are 
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supplemented by DFT calculations of the reaction energy profiles and molecular dynamics (MD) 
simulations of the sliding interface to analyze the force distribution on the methyl thiolates during 
sliding. 
Chapter 5 explores the relationship between the force, both normal and shear, on the 
decomposition of ethyl and methyl thiolate species on a copper foil in ultrahigh vacuum.  Ethyl 
and methyl thiolates decompose under normal and shear forces to form gas-phase alkanes and 
alkenes, and deposit surface sulfur.  The sulfur is then transferred to the bulk, creating a clean 
copper surface.  A model for predicting the composition of the sliding interface is developed using 
the friction coefficient of each surface species (methyl or ethyl thiolate, sulfur and copper) and 
their relative coverage as an in-situ analysis of surface coverage.   The simplicity of the model 
system enables the elementary steps in the reaction pathway, in particular those that are 
mechanochemically induced, to be identified.  The first of these is the mechanochemically induced 
decomposition of methyl thiolate (CH3–S(ads)) species, that form rapidly from DMDS on copper, 
to evolve gas-phase hydrocarbons (methane, ethylene and ethane) and deposit sulfur on the 
surface.  The second is the transport of adsorbed sulfur into the subsurface region of the copper 
that regenerates a clean surface.21  
The work in Chapter 6 focuses on the gas-phase lubrication of copper by DMDS by 
pressurizing the UHV chamber while rubbing the copper sample.  The work described in Chapter 
4 and 5 identified the elementary-step reactions for the tribochemical reaction of DMDS, which 
rapidly forms adsorbed methyl thiolate species.  This reaction cycle involves the shear-induced 
decomposition of methyl thiolate species to evolve small, gas-phase hydrocarbons and deposit 
sulfur on the surface, followed by a step in which sliding causes sulfur to be transported into the 
subsurface region of the sample, to regenerate clean surface sites.  Continually repeating this 
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mechanochemical reaction cycle by pressurizing the sample while rubbing should result in the 
accumulation of a layer of sulfur in the subsurface region of the copper which provides a friction-
reducing tribofilm.  This can be viewed either as a tribochemical reaction that produces a friction-
reducing film, or a model mechano-catalytic reaction in which surface chemistry and mechanical 
forces combine to induce a catalytic reaction that would not occur in the absence of the external 
force.   
A combination of in-situ and ex-situ surface analytical techniques was used to identify the state 
and concentration of the sub-surface sulfur. It is likely that this model includes, perhaps with some 
modifications, the essential ingredients of mechanochemical reaction processes in general.  
Chapter 7 is a description of the density functional theory (DFT) simulations of pulling a 
methyl thiolate molecule across a Cu (100) surface and climbing nudged elastic band (cNEB) 
calculations of the normal-force-induced decomposition of methyl thiolate on that surface.  By 
combining the two processes, an understanding of how normal forces lower the activation energy 
is obtained and compared to the extended Bell model.   
A quasi-static approach to force was used to simulate the effect of normal and lateral force 
on the decomposition of methyl thiolate on Cu (100).  Atoms are moved step-wise through a range 
of motion and allowed to relax at each position to replicate sliding experiment speeds of ~ 10-7 
Å/s.  This speed is slow compared to the frequency of the atomic vibrations that determine the 
time-scale for the molecules to respond to force, which are ~10-12/s, therefore the quasi-static 
calculations in this chapter are a good approach to understanding the experimental results in 
Chapters 4-6.   
Climbing Nudged Elastic Band (cNEB) calculations were done using a top slab of copper 
lowered toward a methyl-thiolate covered copper surface.  The change in activation energy is 
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found as a function of normal force applied to the reactant and transition states by a copper slab 
and the result is compared to the extended-Bell model theory.  To find the effect of shear on bond 
strength the methyl thiolate was moved step-wise in directions along and diagonal to the lattice 
vector across a Cu (100) surface after being tilted from the surface normal. 
Chapter 8 explores the relationship between force, both normal and shear, on the 
decomposition of methyl thiolate species adsorbed on a copper foil by exploiting the relationships 
between area and force present at a plastic interface.  Interfaces are difficult to study because they 
are ephemeral by nature with buried, nano-scale effects occurring within macroscale objects.  In 
particular, a method of measuring the real contact area of a rough contact on a plastically-deformed 
surface is of interest to the tribology community because sliding interfaces have been found to be 
composed of asperities, and consequently the real contact area is smaller than the apparent contact 
area.22,23 The decomposition of a marker molecule on the surface can provide useful information 
about the contact mechanics and surface structure of a contact during rubbing. In this chapter the 
nature of the contact is explored, an initial hypothesis is put forth and a set of experiments is 
presented as a proof-of-concept. 
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Chapter 2  
Experimental Methods 
 
2.1 Introduction 
This Chapter contains a brief description of the resources used to investigate tribochemical 
reactions and an outline of the principles behind the experimental technique.  It is not intended as 
a thorough report of the inner workings of the equipment, there are many good resources on 
ultrahigh vacuum equipment when more information is needed.1–3,4 
2.2 Vacuum equipment 
The work described in this dissertation was done in ultrahigh vacuum (UHV) chambers, 
that is, self-contained miniature laboratory in which the background pressure is in the 10-10 Torr 
range.  Ultrahigh vacuum system experiments have several advantages to those carried out in 
ambient atmosphere.  First, it allows careful control of the type and number of molecules allowed 
to interact with the surface to provide control over the chemical reactions taking place without 
interference from the background.  Second, in many cases low pressures allow molecules to desorb 
from the surface at relatively low temperatures, allowing desorption of reactants at temperatures 
below the decomposition thresholds for the compound of interest, thereby allowing reaction 
products to be detected.  Third, the pressures of the desorbing species are much higher than the 
sum of the background pressure in ultrahigh vacuum.  For example, a desorption experiment that 
causes an increase in pressure from gas-phase product evolution of 1×10-9 Torr provides an 
increase of total pressure of up to an order of magnitude over the background pressure in UHV, 
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whereas in atmosphere the same amount of gas production gives a change of approximately 1 part 
per trillion in the total gas molecules.  Last, it allows for the use of electrons as spectroscopic 
probes due to the longer mean-free-path of particles at UHV pressures. 
Pressure measurement 
Fundamental to the use of vacuum systems is the issue of accurately measuring pressure.  
For many experiments, the number of molecules and the rate of their introduction to the chamber 
have a profound effect on the results.   Equipment designed to be used inside an ultra high vacuum 
chamber is, in many cases, only capable of operating within the high-vacuum regime, and therefore 
it is important to know the pressure in the system to protect delicate equipment. 
An accurate and precise measure of the gas pressure of the system is a fundamental 
requirement for carrying out controlled, repeatable ultrahigh vacuum experiments.  The next 
sections describe the workings of two kinds of commonly used pressure gauges. 
Diaphragm gauges 
Diaphragm manometers are pressure gauges that work by a deformation of a diaphragm 
caused by a pressure differential on either side of it.  In a digital system like the one shown in 
Figure 1, the diaphragm bends in response to pressure, and the change in conformation causes a 
change in resistance in the stain sensors attached to the diaphragm.  This electrical signal is 
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converted to pressure by a calibration constant.  A solid block is placed in the vacuum side of the 
gauge to relieve strain from the diaphragm and prolong the life of the gauge.  
Diaphragm gauges have the benefits of being insensitive to the type of gas and operate over 
a wide range of pressures.  A typical range for an electric diaphragm gauges is from ~millitorr to 
1000 Torr and the gauge can be made to work over a variety of ranges, but the sensitivity suffers 
if the range becomes too large.  A diaphragm gauge is used to monitor the pressure of the gas-
handling line, but cannot be used to read pressures inside a UHV chamber.  The material of the 
diaphragm must be such that it responds to pressure differential across the diaphragm by changing 
shape.  As the pressure differential decreases, the diaphragm must be thinner and more flexible 
and ultimately the pressure can become low enough so there is no practical material capable of a 
readable response. 
Figure 2-1 Schematic of a diaphragm gauge of a system at low (left) and high (right) 
pressure 
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Ionization gauges 
Ionization gauges operate at very low pressures because they function using hot filaments 
that eject electrons, rather than the collective action used in diaphragm gauges.   
The first ionization gauge was designed Alpert, and then further design work was done to 
increase the sensitivity by Alpert, Bayard, and Nottingham4.  A schematic of an ion gauge is shown 
in Figure 2.  An ionization gauge consists of a filament, usually tungsten or tantalum, a metal grid, 
and a collector.  A positive potential is applied to the grid and electrons ejected from the hot 
filament are drawn to the grid.  
On the way, the electrons collide 
with gas molecules to form 
positive ions, which are then 
drawn to the anode by a negative 
bias.  This produces a flow of 
charge to the collector and a 
resulting current, which can be 
measured and converted to 
pressure. 
The current produced by the collisions of the ion with the collector depends on the 
probability that the electrons from the filament will encounter a gas molecule on their path to the 
grid and the probability that encounter will result in an ion.   The probability of an ionization event 
occurring is dependent on the type of molecule and its ionization potential.  This ionization factor, 
α, varies significantly between gases.  This makes absolute pressure measurement difficult, as most 
Figure 2-2 Ion gauge schematic showing the filament, grid 
and collector 
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chambers have a mixture of gases present.  In this work it is assumed that the gases in the chamber 
have the same sensitivity as nitrogen so that pressures are not corrected for these sensitivity factors. 
The probability of collision between an electron and a gas molecule, L, is directly 
proportional to the collector current and depends on the distance the electron travels from the 
filament to the grid, l, and the number of molecules in the chamber, N. 
𝐿 =
𝑙
𝑁
      (1)  
Conversion of the number of molecules to pressure uses the density of the molecules, ρ and 
the probability of the gas ionizing as a function of the filament current.  The volume between the 
filament and the grid is a fundamental part of the gauge design and is used as the volume that the 
atoms occupy when being converted.  The filament current, ie,
 is also controlled by the gauge and 
is some known constant, α is the sensitivity constant, and L is the number of ionization events 
given in equation 1.   These factors give equation 2, which shows the current at the collector is 
proportional to the density of gas and the ionization sensitivity.  
𝑖 = 𝑖𝑒 𝜌𝛼𝐿      (2) 
Assuming an average value for the ionization energy allows us to account for that factor, 
and so the current at the collector is then a sensitivity factor, S, multiplied by the number of 
molecules per unit volume in the chamber, and can be easily converted to pressure with a 
conversion factor dependent on the pressure units, P.  In this work the pressure is given in Torr 
and it is assumed that the gases in the chamber have the same sensitivity as nitrogen and equation 
3 is used related to the current to pressure in the Bayert-Alpert ionization gauge. 
𝑖 = 𝑆𝑖𝑒𝑃    (3) 
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Attaining low pressure 
Ultrahigh vacuum is achieved through several stages of pumping because it is not generally 
possible to decrease the pressure from atmosphere to the ultra high vacuum regime using a single 
pump. The ultrahigh vacuum here was achieved using a series of pumps: mechanical, diffusion, 
turbo-molecular, and ion pumps to attain ultimate background pressures in the 10-10 Torr range.  
Figure 3 shows a graph of pumping speed in L/s versus pressure in Torr for various types of 
vacuum pump, and a discussion of the benefits and drawbacks of each type of pump is given in 
the following section. 
 
 
Figure 2-3 Graph with curves representing typical pumping speeds versus pressure for 
the pumps discussed in this work.  Black - rotary pump, red - turbo pump, green - 
diffusion pump and blue - ion pump 
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Mechanical pumps 
Mechanical pumps function by gases expanding into a cavity that is being opened and 
swept out by a stator with movable blades and shown in Figure 4 (A).  As the stator moves, it traps 
the gas from the inlet and compresses it until it reaches the outlet valve.  Once the pressure on the 
outlet valve becomes sufficiently large to force the valve open, the gas is expelled.  Rotary pumps 
require oil to lubricate the stator and this oil can become contaminated by the vapors of volatile 
liquids, causing a loss of efficiency as they evaporate during pumping.  In this case, air is leaked 
into the pump through a “ballast” to displace the vapor from the oil.  This can take a considerable 
amount of time in the case of non-polar liquids that mix well with the oil.   
 
Rotary pumps are robust, but limited to relatively high pressures of gas being pumped 
because a sufficiently-high pressure in the compression phase is required to open the outlet valve.  
Figure 2-4 A) Mechanical pump schematic and B) Welch Vacuum graph of pumping speed 
versus Pressure for the Welch Duo seal pump users from the manual reprinted with permission 
from Welch Vacuum Corp 
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This means that it cannot attain pressures below the millitorr range, as shown in Figure 4 (B).5  
Pressures lower than that can be obtained using a turbo molecular or diffusion pump as discussed 
in the next sections. 
Turbo-molecular pumps  
Turbo-molecular, or “turbo”, pumps can be used to decrease the pressure of a system below 
the millitorr range and a diagram and of the pumping speed versus pressure variation are displayed 
in Figures 5 A and B.  Turbo pumps operate using a series of spinning fins that collide with gas 
molecules and push them to the next set of fins, and finally to the backing pump, generally a 
mechanical pump and their major advantage compared to diffusion pumps (see next section) is 
that they operate without oil, which can contaminate a UHV chamber.  The fins spin at up to 75,000 
Figure 2-5 Turbo pump diagram from Varian V-70 turbo pump manual. (B) Pumping 
speed versus inlet pressure for Varian turbo pump from Varian v-70 turbo pump manual.  
Reprinted with permission from Varian 
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rpm and each set of fins is canted at a smaller angle than the previous set to prevent gas migration 
back through the pump.  
Turbo pumps do not work well at pressures above tens of millitorr, as seen from the graph 
in Figure 5(B).  Pressures above that range allow too many gas molecules to hit the fins, slowing 
them down, or worse, knocking the bladed stages off their bearings.  It is clear from the graph that 
the turbo pump does not pump effectively in the pressure regime above 10-3 mbar, and sudden 
exposure to pressure above 10-3 mbar while the blades are spinning can cause catastrophic damage. 
Care must be taken with turbo pumps as they require a backing pump to lower the pressure 
on the outlet.  If the backing pump fails, the turbo will also fail, causing damage, and allowing a 
stream of oil from the backing pump to contaminate the chamber. 
 Another limitation of this pump is its poor pumping of hydrogen.  The hydrogen molecule 
is small enough to diffuse back though the fins and is not easily pumped from the chamber by 
turbomolecular pumps.   
Finally, the low-pressure limit for turbo pumps is reached when the movement of gas 
becomes fully molecular, rather than flow-based.  When too few molecules move together to allow 
liquid flow, each gas molecule must contact the blade to be pushed in the direction of the exhaust.  
The pumping mechanism becomes a pure scattering and the probability of back scattering into the 
chamber is only slightly lower (due to the angle of the blades) than the probability of scattering 
into the pump and being removed from the system.6 
Diffusion Pumps 
If the pressure of the chamber is low then pressure gradients, which enable the gas to 
diffuse toward an outlet, are too small to be effective.   Below the pressure in which gases can be 
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said to “flow,” diffusion and ion pumps work by collisions between the pump and the gas 
molecules.  The first pump of this kind discussed is the diffusion pump and is pictured in Figure 6 
(A). 
 
Diffusion pumps function by refluxing oil that cascades down a set of angled pieces of 
metal or glass, known as a “Christmas tree” as it recondenses, causing oil molecules at the top of 
the tree to form an “umbrella” of liquid that moves at faster than the speed of sound.  The 
condensation of oil by the tree is aided by water cooling.  As the molecules of oil descend, they 
collide with gas molecules in the background and the fast-moving particles lower the pressure 
above them while preventing back migration of the pumped gases.  In addition, a liquid nitrogen 
trap can be added to the inlet of the diffusion pump, which acts to prevent oil from back-streaming 
into the chamber.  A rotary backing pump keeps the pressure directly above the oil sufficiently 
low to allow it to reflux.   
Figure 2-6 Schematic of a diffusion pump.  Cooling lines are not shown. Diffusion pumping 
speed graph versus pressure is shown from an Agilent Diffusion pump description.  
Reprinted with permission 
-20- 
 
The diffusion pump in this work was used to pump gases being introduced to the chamber 
from a glass gas-handling line.  The pressure did not need to be in the UHV range and so no water 
cooling or liquid nitrogen trap was needed on the diffusion pump and the pump was air-cooled. 
The advantage to diffusion pumps is that they pump small, relatively inactive molecules 
like hydrogen. They continue to pump to very low pressure and at their upper pressure limit the 
backing pump takes over, as seen in Figure 6(B). 
 The limitations of diffusion pumps are both the high-pumping speeds, which is not 
desirable for every experiment, and the catastrophic consequences of their potential failure.  For 
example, failure of the cooling system can cause hot oil to spray over the chamber.  Failure of the 
backing pump can cause contaminants to build up in the oil, oxidizing it and causing the physical 
properties of the oil to change.  Most alarmingly, if the hot oil encounters oxygen, the pump can 
explode. 
Ion Pump 
The lowest pressures attained for the work described in this dissertation were achieved by 
an ion pump.  The benefit of ion pumps over diffusion pumps is that ion pumps do not use oil and 
pump failures are not dangerous or likely to cause contamination of the chamber. 
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Ion pumps operate by ionizing the gas molecules to be pumped and accelerating them 
toward metal plates where the ions are chemically or physically trapped.  The design is based on 
that of ion gauges described earlier and ion pumps were developed by Alpert in conjunction with 
Penning, 4 which allows many ion pumps to simultaneously act as a pressure gauge and vacuum 
pump.   A schematic of an ion pump is shown in Figure 7(A).  Gas molecules are ionized by the 
high electric fields in a process known as Penning ionization and metal cylinders or wires shaped 
into tubes act as anodes.  Electrons are trapped inside the anodes by cathodes on either end.  The 
electrons are induced to move in a spiral by a magnetic field supplied by large magnets in the outer 
case of the pump, which increases their total path, enabling them to collide with more molecules 
to improve pumping speed.  The spiraling electrons and ions collide with gas molecules which are 
then ionized and accelerate towards the cathode.  The ions are captured by the cathode, which is 
typically made of titanium.  The ions can be trapped by reacting with the titanium metal plates, by 
being buried in the metal due to the momentum of the ion, or by sputtering highly reactive titanium 
Figure 2-7 (A) Ion pump diagram. (B) Pumping speed versus pressure for diode, noble 
diode and triode ion pumps 
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atoms from the surface and reacting with those atoms to form a metal organic compound that 
adsorbs onto the titanium plates. 
Due to the sacrificial nature of the titanium surfaces and voltages that are high enough to 
cause arcing in air, ion pumps can only be used below the millitorr range, as shown in Figure 7(B).  
Another limitation is poor pumping of noble gases and hydrogen.  Even when ionized, noble gases 
do not react with the titanium metal surfaces, so that the only method of pumping inert gases such 
as argon is to bury them in the titanium plates with the momentum supplied by the high voltage.  
This causes an increase in the temperature in the cathode, which then causes the argon atoms, as 
well as other gases, to be released.  Hydrogen has a high affinity for titanium and can diffuse into 
metals, but since diffusion is a reversible process, it is also not pumped effectively. 7 
2.3 UHV Chambers 
The base materials of chambers intended for UHV work must be carefully considered order 
to maintain the tight control of the environment in UHV chambers. 
Chamber body 
The body of the chamber is made of 1/8” thick, 304 or 316 stainless steel.  The chamber 
material must have an extremely low vapor pressure, have a high melting or sublimation 
temperature, and be chemically inert.  Carbonaceous steel, or any alloy that includes zinc, lead, 
most plastics and all glues must be avoided in UHV systems.   
Even relatively inert stainless-steel chambers accumulate gas, especially water, on the 
walls of the chamber when exposed to atmosphere.  These adsorbates will slowly desorb and be 
pumped away, leading to extended periods of higher than desired pressures.  To increase the rate 
of adsorbate, particularly water, desorption, the chamber is heated by wrapping it in heating wire 
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and heating to 130-150 °C for 24 to 36 hours in a process referred to as baking.  This procedure is 
required every time the chamber is opened to atmosphere. 
Flanges 
The chamber is fabricated 
with various ports of 
standard sizes to allow 
attachment of sample 
manipulators, instruments, 
pumps, and leak valves.  
Flanges are made of thick 
stainless steel, and the 
flange is sealed to the port with low-oxygen copper gaskets to provide a seal.  The copper 
plastically deforms by pressure from a knife edge on each flange to provide a conformal contact 
between surfaces.  A schematic is shown in Figure 8.  This design is called a Con-flat flange and 
is effective, but each copper gasket can only be used once due to deformation and work hardening 
during use.  Tightening the bolts in a star pattern twice and then going once around the perimeter 
is recommended to uniformly compress the copper and obtain a good vacuum seal. 
Working in UHV 
Ultrahigh vacuum (UHV), is used to create an environment to study surface chemical 
systems of tribological interest.  To carry out experiments in UHV, metal samples, reactants, 
motion, and electrical power must be introduced into the UHV system. 
Figure 2-8 Top (left) and side (right) view of a conflat flange 
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Metal Sample 
The copper foil, the most commonly used substrate in this work, was transferred into the 
chamber by opening the chamber.  The sample is attached to a manipulator that allows rotary, as 
well as x, y, and z linear motion.  A ceramic rod thermally and electrically isolates the sample from 
the chamber and is clamped using a tension fit and bolts.  As shown in Figure 9, tantalum rods 
support the sample and tantalum straps secure it to the rods to prevent movement of the sample 
during experiments.   
Resistive heating of the sample is used to increase the temperature, and the temperature is 
measured using a thermocouple attached to the sample by spot-welding and welding it to the 
sample holder under tantalum straps to prevent movement.  The heating and thermocouple wires 
are insulated to prevent them from grounding to the chamber or shorting to each other. 
Introducing Gaseous Reactants 
Gases and the vapors of volatile liquids are introduced to the chamber via leak valves 
attached to a glass gas-handling line.  The gas line consists of a glass tube with valves attached to 
it that allow the line to be pumped, first by a rotary pump, and then to lower pressures by a diffusion 
Figure 2-9 Top(left) and side (right) view of the sample holder with a copper foil sample 
mounted on tantalum rods with heating wires and thermocouple attached. 
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pump.  The rotary pump backs the diffusion pump when it is not used for rough pumping the line, 
and the valves that control the pumping are set so that the rotary pump is open to the diffusion 
pump but closed to the gas line when the line is not being actively pumped by the rotary pump to 
maintain a low pressure on the diffusion pump.  Figure 10 shows a schematic diagram of the gas 
line used in this work. 
 
Figure 2-10 Diagram of the gas-handling line 
 
Teflon tubes connected to gas cylinders, or glass vials containing volatile liquids, are attached to 
the gas line via Swagelok valves.  A diaphragm pressure gauge with a range from 1000 Torr to 1 
mTorr monitors the pressure in the gas-handling line.   
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Leak valves 
Leak valves allow 
the controlled introduction 
of molecules and atoms 
from the gas line to the 
UHV chamber by 
allowing precise control of 
the chamber pressure as 
shown in Figure 11 (A).  Fine control of the gas flow is accomplished by lowering a shaft with a 
sapphire washer on to the end of a copper gasket as shown in Figure 11 (B).  The copper gasket 
will eventually lose elasticity that allows the conformational contact and eventually cause leaks 
with repeated use.  Exposing the leak valve to air when the chamber is baking will oxidize the 
copper gasket and speed the hardening process, lowering precision.   
Linear motion 
Transferring motion to the inside of the 
vacuum chamber, while keeping the inside 
separate from the atmosphere, is accomplished 
by encasing the moving parts in a flexible 
bellows that can be compressed to translate a 
rod in and out of the chamber.  These are 
somewhat prone to leaking after years of use 
and it is a good idea to check them for leaks if 
Figure 2-11 Drawing of A) outer and B) inner workings of a typical 
leak valve 
Figure 2-12 Linear motion feed through in 
the retracted (A) and extended (B) 
positions 
-27- 
 
one is suspected.  Figure 12 shows representations of a retracted and extended linear motion 
feedthroughs. 
Rotary motion 
Rotary motion requires a universal joint to transfer torque without twisting the bellows that 
isolates the chamber from atmosphere.  When the end is rotated, the universal joint revolves around 
the center of the shaft, forcing it to rotate inside a bellows, as shown in Figure 12. 
 
Figure 2-13 Rotary motion feedthrough with universal joint 
Electricity 
It is often necessary to introduce electrical power into the 
vacuum system, for example, to resistively heat the 
sample, however, the metal of the vacuum chamber must 
be isolated from the current-carrying conductor and is Figure 2-14 Copper feedthrough with 
ceramic insulation on a conflat flange 
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accomplished by using a ceramic insulator attached to the feedthrough and sealed to a metal cap. 
The ceramics can develop leaks if they experience collisions or strain and are a good place to check 
for leaks. 
2.4 Instruments 
  The elemental composition of the surface of the copper sample was analyzed using Auger 
Electron Spectroscopy (AES), the gases evolved from the surface were monitored by a quadrupole 
mass spectrometer, and the friction of the sample was monitored by a custom-built tribometer.  
The next sections describe those techniques and the instruments for measuring them. 
Auger Electron Spectroscopy 
Auger electron spectroscopy, or AES, is a surface analytic technique because it relies on 
electrons which only penetrate a small distance into the sample. Electrons are accelerated toward 
the surface from an electron gun with an energy of several kilovolts, either from an axial gun 
included in the electron-energy analyzer or one mounted to the chamber at an angle above the 
Auger electron analyzer.  The high-energy primary electrons cause inner shell electrons in the 
atoms of the sample to be ejected from atoms on the surface.  The newly vacant inner shell energy 
levels in the ionized atoms are then filled by the decay of outer-shell electrons.  The energy gained 
by this transition can be released either by emitting an x-ray or by ejection of another, so-called 
Auger, electron.  The ejected electron has a kinetic energy that depends only on the energy levels 
of the atoms and so is insensitive to fluctuations in the energy of the incident electrons, if that 
energy is sufficient to eject a core electron.  For example, in one of the copper Auger signals, 
(Figure 15) the K shell and the L1 shell and excess energy is dissipated by emission of an L2,3 
electron and the calculated kinetic energy of the emitted electron is given by equation 4, where the 
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work function, 𝛷 , is included to account for the energy required to remove and electron from the 
sample. 
𝐾. 𝐸 =  𝐸𝐾 − 𝐸𝐿1 − 𝐸𝐿2,3 −  Φ    (4) 
 
The energies of the electrons ejected from the sample are analyzed by a cylindrical mirror 
analyzer, or CMA shown in Figure 16, showing a Phi Electronics model 10-150. The CMA 
functions by applying a voltage difference between two concentric cylinders; the inner cylinder is 
grounded, while the outer cylinder has a positive potential applied to it such that the electrons 
follow a curved path between the two cylinders to pass through slits in the inner cylinder, which 
selects for electrons with a given energy.  The electrons are detected by an electron multiplier.  
Electrons outside the desired energy will collide with one of the two cylinders, rather than passing 
through slits to complete the path to the detector. 
Figure 2-15 Diagram of the ejection of a KLL Auger electron.  The primary electron is 
shown in black, shell electrons go from yellow to red, secondary electrons are light blue 
and Auger electron is dark blue 
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The electron multiplier operates by an 
electron cascade mechanism, in which a 
single electron causes the ejection of 
several electrons from the walls of the 
multiplier.  The ejected electrons collide 
once again with the walls of the 
multiplier, causing even more electrons 
to be ejected.  This continues until the 
electrons reach the end of the multiplier 
and are read as a current which is 
proportional to the number of electron 
collisions that caused the cascade. 
Mass Spectrometer 
A mass spectrometer was used to detect species desorbing from the sample, to analyze 
background gases and for leak detection using a UTI 100 mass spectrometer to monitor gas-phase 
molecules within the chamber. A mass spectrometer operates by ionizing molecules by an electron 
beam with an energy generally of ~70 eV that are emitted from a filament, in a similar manner to 
the electron gun and ion gauge, described in previous sections.  J.J. Thompson found that these 
ions could be separated spatially by applying an electric field.4   
  The ions formed by electron collision are accelerated into a quadrupole mass filter where 
ions of a specific mass to charge ratio are selected.  Figure 17 shows a schematic diagram of how 
a quadrupole mass spectrometer operates by applying a voltage that varies with a frequency in the 
radio-wave frequency regime to four rods.  As the ions are accelerated toward one rod, the rod 
Figure 2-16 Auger spectroscopy system composed 
of cylindrical mirror analyzer, electron gun, and 
detector. 
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shifts voltage, and the ions are repelled.  
If the ion has a high mass-to-charge 
ratio, then the change in voltage will not 
slow it in time to avoid a collision with 
the rods, due to the large momentum.  If 
the ion has a low mass to charge ratio it 
will accelerate too quickly and collide 
with the rod. Selected ions can travel 
through the rods in resonance with the 
applied frequency.  In this way the 
quadrupole filters out undesired ions from the analyte stream before they are collected by the 
multiplier.  The ions are detected either by the Faraday cup or by an electron multiplier. 
Ultrahigh Vacuum Tribometer 
A tribometer applies a normal load to the sample surface via a ball contact and measures 
the friction coefficient, the ratio of the lateral fore to normal load.  The tribometer used in this 
dissertation is a UHV-compatible, custom-built instrument.  The tribometer has an arm that moves 
the contact ball at a precise speed, apply precisely controlled loads, and sense the resulting lateral 
force on the arm. 
The tribometer motion is controlled by stepper motors located outside the chamber that can 
position the arm at a specified location using custom-designed software.  Motion limits of the arm 
are calibrated by moving it over a range defined by the size and location of the sample.  The 
Figure 2-17 Quadrupole mass spectrometer diagram 
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software determines the arm calibration by counting the number of steps to reach the edges of the 
calibrated zone.  This calibration allows the arm to precisely travel to the same position.  
 
Figure 18 shows the tribometer arm.  The load is applied by bringing a tungsten carbide 
ball of 9.5 mm in diameter into contact with the sample surface.  The force is measured by strain 
gauges attached to thinned portion of the arm of the tribometer.  The tribometer signal is amplified 
by an external amplifier, and then read by the software via a National Instruments data acquisition 
(DAQ) board.  Once a specified load has been reached, the motion of the arm stops.  Sliding is 
then initiated at a preset sliding speed at the specified load, and the lateral force is measured by 
strain gauges, also attached to thinned portions of the arm.  The software collects the lateral and 
normal forces as a function of time, which can be used to find the friction coefficient with the 
equation, F=μN, where F is the friction force, N is the normal force, and μ is the friction coefficient. 
2.5 Experimental Protocols 
Liquid-Sample Purification 
Volatile liquids must be purified before use and is accomplished by freeze-pump-thaw 
cycles, where the liquid is frozen by immersing the vial in a bath of liquid nitrogen.  The solid is 
Figure 2-18 Tribometer Arm with strain sensors 
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pumped to remove any air and, as the solid warms and thaws, dissolved impurities are removed.  
The process repeated until the pressure gauge shows a slow increase in pressure as the liquid 
warms.  It is important to note that this process does not necessarily completely purify the liquid 
because any contaminant with a lower vapor pressure would remain in solution.   
Sample Cleaning 
Copper foils were used as the substrate in this 
work and were cleaned by cycles of argon ion 
bombardment and annealing.  Argon ion 
bombardment is carried out by an ion gun, 
Figure 18, which consists of a filament that 
emits electrons that are accelerated so that 
argon atoms are ionized by collision.  The ions 
are then accelerated through a one kilovolt 
potential by charged plates, one of which 
contains a hole to allow ions to pass through.  
The ions pass through an electric lens to focus 
them onto the sample. 
The sample is grounded to avoid charge build-up.  The ions impact the grounded copper 
sample and remove contaminates from the surface by momentum transfer.  The surface is 
roughened by this process and may be annealed to recrystallize the sample and allow contaminates 
to diffuse to the surface from the bulk.  Several rounds of bombardment and annealing are 
generally required to obtain a clean metal sample, and the surface cleanliness is assessed by Auger 
spectroscopy. 
Figure 2-19 Diagram of an ion gun 
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Aligning the Sample in the Tribometer 
The sample must be 
aligned parallel to the 
motion of the pin to 
ensure that the load is 
constant during 
sliding.  If a viewing 
window is available, 
the first step is to 
orient the sample 
visually.  Further 
refinement can be 
made by measuring the load as the pin passes across the surface.  Adjustments to the sample are 
made until the load read by the tribometer strain gauge is constant during translation across the 
surface.  Figure 20 A demonstrates the path of the pin with respect to the surface depending on 
sample angle.  Figure 20 B shows the resulting graphs of load versus position from the 
configurations illustrated in Figure 20(A). 
Figure 2-20A) representation of the sample alignment with respect to 
the direction of travel of the tip.  B) graphs of load versus time for a 
reciprocal slide of the tribometer pin as the sample is corrected from far 
out of alignment, black line, to better aligned, red ine, to green line, 
where the sample is parallel to the path of the pin 
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2.6 Tribometer Chamber 
An ultrahigh vacuum chamber is typically made from stainless steel, has several ports for 
windows, a manipulator for moving the sample, a cleaning apparatus, instruments, and vacuum 
pumps.  Each port is sealed with a compressed copper gasket, and all electrical feedthroughs are 
made with ceramics to insulate the electrical conductor from the metal chamber while keeping air 
out of the chamber.  The gaskets, wire insulators, and metals used must have a vapor pressure that 
is negligible and in the ultrahigh vacuum range.  The chamber is baked at about 150 degrees 
Celsius for several days to remove volatile contaminates from the walls before experiments are 
Figure 2-21 Cutaway, side-view of the tribometer chamber 
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done.  This is accomplished with resistive heating wires, variacs, and the chamber is insulated 
using aluminum foil.  Diagrams of the chamber are shown in Figures 21 and 22.  
 
 
Figure 2-22 Cut-away top view of tribometer chamber. 
Monolayer dosing experiments 
In the case of these experiments, experiments were carried out using adsorbed monolayers on the 
copper substrate.  The tribometer arm was positioned above the clean copper sample and the pin 
was rubbed across the sample for approximately 50 scans to create an initial “wear scar” that results 
in a constant contact area and friction coefficient 
The clean adsorbate was dosed via a leak valve connected to a dosing tube mounted above the 
sample to minimize the background pressure in the chamber while dosing.  The tribometer arm 
was then lowered again and the sample was rubbed at the desired load and velocity, and the friction 
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coefficient and gas-phase products due to adsorbate decomposition induced by sliding by a mass 
spectrometer placed close to, and in line-of-site of the contact between the ball and the sample 
were measured.  Both reciprocating and unidirectional sliding paths were used. 
Once the friction experiments were finished, the tribometer arm was retracted and the rubbed 
region was analyzed by Auger spectroscopy using a small-spot-size electron gun to ensure that 
only the rubbed region was investigated. 
Continuous-dosing experiments 
Other experiments were performed in which the sample was rubbed while the chamber was 
pressurized with a reactant.  The sample preparation for these continuous-dosing experiments was 
the same as the monolayer dosing experiments.  The wear scar was created by reciprocating 
rubbing of sample for about 50 passes and then the chamber was pressurized with the gas-phase 
reactant.  The surface was rubbed while dosing under various loads, and friction coefficient was 
measured.  The tribometer arm was then retracted and Auger spectra were collected from the 
rubbed surface.  
2.7 Conclusion 
This chapter contains a brief description of the techniques and instruments used to collect data for 
this dissertation.  The limitations and advantages of the equipment used is necessary to understand 
the experiments in chapters 4 through 7 of this dissertation. 
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Chapter 4  
Theoretical Methods 
 
 
 
3.1 Introduction 
Developing models for predicting chemical bonding has been an important, and 
considering scientific history, relatively recent, advancement in chemistry, allowing for 
breakthroughs in fields from interpreting STM data to tailoring semi-conductor properties1–4.  
Advancements in the understanding of the nature of electrons, combined with an increase in 
computing power, have allowed efficient, accurate predictions of chemical structure and energetics 
to be made by predicting whether a given set of atoms is most likely to form molecules or remain 
atomic.   
The most probable distribution of a set of electrons in space, or electron density 
distribution, can be found by exploiting the wave-like nature of the electron using the principles 
of quantum mechanics.  The nuclear positions, by contrast, can be treated semi-classically, 
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ignoring their wave-like behavior because of their significantly larger mass by using the Born-
Oppenheimer approximation.  The motion of the atomic cores follows the forces defined by the 
electron density distribution.  An understanding of the way computer programs determines the 
electron density and energy of a system and use that information to search for the lowest-energy 
atomic configuration is crucial to being able to adequately model chemical interactions.   
This Chapter is meant to serve as an analog to the experimental methods Chapter 2, for 
calculations. Density functional theory, DFT, is a powerful tool for predicting and identifying 
surface structures and reactions, but as with any resource, it has limitations.  The following Chapter 
is meant to serve as a basic explanation of the resources used in this dissertation for calculations, 
not as a thorough description of the principles of DFT. 
First, the general principles of a single-electron system are explained briefly to introduce 
concepts that are necessary to use a reasonable implementation of DFT.  Then the necessity of 
using DFT and the basic decisions that affect accuracy for the electronic states are explained in the 
following sections.  Finally, some simple discussions of the issues that can arise from movement 
of the ions are given.  
3.2 Single-electron model 
The description of the properties of multi-electrons systems starts is with the behavior of a 
single electron.  The observable properties of an electron at a given position in space: kinetic and 
potential energies, and momentum, can be described mathematically using a wave function as a 
function of position, Ψ (x, y, z).  The wave function can be used in two ways.  First, multiplying 
the wavefunction by its complex conjugate gives the probability that the electron will be found at 
a given position with coordinates x, y, z within an infinitely small volume, dx dy dz.     
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  𝑝(𝑥, 𝑦, 𝑧)dx dy dz = Ψ(𝑥, 𝑦, 𝑧)Ψ∗(𝑥, 𝑦, 𝑧)dx dy dz     (1) 
Second, an operator may be applied to the wave function to obtain an observable quantity.  
The observable may be position, energy, momentum, kinetic energy, or the angular momentum in 
the z-direction.  The operator that provides the energy observable is called the Hamiltonian 
operator and can be used in the Schrödinger equation, where H is the Hamiltonian operator, E is 
an eigenvalue equal to the total energy, and Ψ (x, y, z) is the eigenfunction, or wavefunction. 
HΨ(𝑥, 𝑦, 𝑧) = EΨ(𝑥, 𝑦, 𝑧)                             (2) 
The wavefunction must meet several conditions: it must be smooth and continuous, and 
the square of the wave function must integrate over all space to one, that is, the probability of 
finding the electron somewhere in space is unity.  All observables must be real, so that quantum 
mechanical operators are Hermitian.  
In most cases, the exact wavefunction of an electron is not known, and so an approximate 
wavefunction must be identified to predict probability distributions.  First, a set of basis functions 
are used to develop an approximate wavefunction. The variational principle uses the Schrödinger 
equation to find the linear combination of these basis functions that give the lowest energy, or 
ground state of the electron. The variational principle states that the lowest energy possible for a 
system with an approximate wavefunction is greater than or equal to the energy given by using the 
true ground-state wavefunction, E0.   
    ∭ Ψ(𝑥, 𝑦, 𝑧)HΨ(𝑥, 𝑦, 𝑧) dx dy dz
∞
−∞
≥ 𝐸𝑜   (3)  
Taking the derivative of the energy found in equation 2 with respect to the trial parameters of the 
wavefunction and setting the result equal to zero yields the energy minimum with the parameters 
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used to describe the trial wavefunction and the resulting parameters provide the best approximation 
of the trial wavefunction to the true, ground-state wavefunction of the system. 
Building the system up from a single to a multi-electron model is not trivial due to electron-
electron interactions and the Fermionic anti-symmetric conditions on the wavefunction.  The 
Hamiltonian depends on the potential energy of the electron interaction with the nuclei, the 
potential energy contribution from interactions between electrons, and the kinetic energy.  
Electrons and nucleus are charged particles and change velocity in response to changes in potential 
energy, which is a function of position, this will be important later in the chapter when potential 
energy terms are discussed.  To simplify the potential energy terms, nuclei are considered fixed in 
space in accord with the Born-Oppenheimer approximation, discussed above.  Even with this 
approximation, as electrons are added to the system, the potential contribution of each electron-
electron interaction becomes more complicated to calculate, reaching a situation in which there is 
no analytical solution to the Schrödinger equation even for a system with three electrons.  This is 
a serious problem for making chemical predictions on interesting systems using the wavefunctions 
of electrons. 
 To treat multiple electrons, John Slater developed the Slater determinant, which constructs 
a multi-electron wavefunction by using a linear combination of the orbitals where the electrons are 
indistinguishable and anti-symmetric to one another as required for Fermions.  This means that the 
probability of finding the same electron in two different orbitals is zero, so that the probability of 
finding more than one electron with the same spin in the same orbital is also zero.  Using a Slater 
determinant as the trial function results in the Hartree-Fock equation, that yields an explicit 
exchange term arising from the antisymmetric nature of the wavefunction   This topic will be 
covered in more detail in the Potentials section. 
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3.3 Density Functional Theory 
Rather than treating the wavefunctions of individual electrons, Thomas5 and Fermi6 
developed a model of metals using discrete volumes of constant electron density by assuming that 
the local distribution of electrons could be approximated by the equations that describe a uniform 
electron gas.    This treats the energy directly as a function of average electron density.  The drastic 
approximations to both the kinetic energy and electron-electron interaction make the Thomas-
Fermi model underestimate bonding and is not useful to describe chemical systems. 
This concept was improved upon by Hohenberg-Kohn,7 later improved by Kohn and 
Sham8, which states that a unique functional that fully describes the energy of the ground state 
electron density distribution will have the lowest energy, and any approximation to that 
distribution will be higher.  Hohenberg, Kohn and Sham further showed that the energies of the 
system were uniquely determined by the electron density distribution.  The energies are given by 
functionals, i.e. functions that depend on another function, of the electron distribution.  
Accordingly, gives the density functionals, F [𝜉], based on the density distribution of the electrons 
without having to treat the electrons individually, under the influence of an external potential 
energy component, generally defined by the nuclei positions, given by Vext [𝜉], electron-electron 
potential energy term, Vee [𝜉], kinetic energy term, Ts [𝜉], and contributions from exchange and 
correlation energies, Exc [𝜉],.  Kohn-Sham described these functionals in terms of an auxiliary set 
of orbitals, φ, that are used to describe the density distribution.   
𝐹[𝜉] =  𝑇𝑆[𝜉] + 𝑉𝑒𝑒[𝜉] + 𝑉𝑒𝑥𝑡[𝜉] + 𝐸𝑥𝑐[𝜉]              (4)  
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 𝑇𝑠 = ∑ < 𝜙𝑖 |−
1
2
∇2| 𝜙𝑖 >  (5) 
𝜉 = ∑ |𝜙𝑖 |
2   (6) 
The basic approach has been described above, but the exact nature of the functionals, Ts 
[𝜉] and V [𝜉] used to determine the energy from the density distribution need to be determined.   
3.4 Potentials 
A mentioned previously, to avoid solving for the wave function as a function of the position 
of each electron, the Hartree-Fock model treats the kinetic and potential energies of the system as 
orbitals so that terms, Ts [𝜉], Vext [𝜉] and Vee [𝜉] (the mean field Hartree-Coulomb interaction 
among electrons) correspond to the kinetic and potential energies predicted by the non-interacting 
system of electrons, then added the exchange and correlation energy (Exc [𝜉]) to account for the 
difference in kinetic and potential energies between the non-interacting auxiliary model system 
and interacting systems in which there are several interactions that must be counted.  Building the 
functional is accomplished by adding the external field (that of the nuclei), the kinetic energy, and 
the contribution from the interaction on the kinetic and potential terms, which is called the 
exchange-correlation energy, or Exc. 
𝐹[𝜉] =  𝑇𝑠[𝜉] + 𝑉𝐸𝐸[𝜉] + 𝑉𝑒𝑥𝑡[𝜉] + 𝐸𝑥𝑐 [𝜉]               (7) 
The form of Exc is not known exactly, since that would correspond to exactly solving the 
many-body problem, and must be approximated in some way, since it is crucial to being able to 
solve density functional problems.  The local density approximation (LDA) assumes that the 
exchange-correlation energy can be approximated by a uniform electron gas. This is done by 
weighting the exchange-correlation energy at a position, r, with the density probability at r.  The 
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exchange correlation energy can be split into exchange term, εx for an electron in a uniform 
electron gas, called the Slater exchange, and a correlation term, 𝜀𝑐. 
  𝐸𝑥𝑐
𝐿𝐷𝐴 = ∫𝜉(𝑟)𝜀𝑥𝑐 𝜉(𝑟)𝑑(𝑟)                          (8) 
    𝜀𝑥𝑐 = 𝜀𝑥(𝜉(𝑟)) + 𝜀𝑐 (𝜉(𝑟))     (9) 
Systems in which the electron density drops off or increases rapidly in space, i.e. most 
systems, do not closely resemble this approximation. It is somewhat effective, however in 
predicting some real systems because (i) in the case of high densities, these Coulomb interactions 
are dominant, and (ii) in the low-density region the contribution to the energies are small.  In 
addition, the LDA satisfies a number of important sum rules.  It has been shown to be entirely 
ineffective in many metallic systems where non-local effects on the exchange energy must be taken 
into account.9,10,11 
The gradient-corrected approximation (GGA) modifies the LDA by using the gradient of 
the electron density distribution, thereby introducing a non-homogeneous element. The gradient 
contribution to 𝐸𝑥𝑐 are not directly known, and many methods for including a gradient term can 
and have been used.  GGA functionals can be tailored to work for specific problems, i.e., situations 
in which hydrogen bonding is important, metallic systems, or large or small molecules.  VASP 
includes access to several potentials for calculations.  The potential used in this work is the GGA 
potential developed by Perdew, Burke, and Ernzerhof and is called the PBE functional. 12 
 3.5 Projector-Augmented plane-wave approximations 
The systems described in this dissertation are methyl thiolate adsorbed on a Cu (100) 
surface under the influence of various perturbations.  Many programs are available to calculate the 
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energy of chemical states, and have been shown to be useful for predicting experimental results.13–
15  The work done in this dissertation has used one such program, VASP, the Vienna Ab-Initio 
Simulation Package, which is a projector-augmented plane-wave package.  The single particle 
orbitals are described by a set of plane-waves, and near the atoms, within the muffin-tin radii, by 
an atomic-like wavefunction. The wavefunction can be described as a periodic and using Bloch’s 
theorem, a solution for the extended lattice can be found using only one cell where the states are 
labeled by a quasi-momentum vector, ?⃗? .  Thus, a metal with a near-infinite supply of conduction-
band electrons can be approximated more accurately than they would be if limited to a collection 
of only a hundred or two atoms.  The atoms are treated as ions, with core electrons having a fixed 
density distribution, as they are not involved in bonding or the electron conduction.  The number 
of planewaves used to determine the wavefunction in practice have a cut-off for high kinetic-
energy states. 
The effective number of momentum vectors is determined by the number of points sampled 
to adequately describe the electron density distribution over the Brillouin zone. The points for 
these calculations are obtained by the Monkhorst-Pack scheme, which distributes the given number 
of points over the Brillouin zone.  The so-called gamma point, of the Brillouin zone, is chosen as 
the center of the mesh and is included as a point that is sampled.   The points are generated to avoid 
sampling multiple symmetrically equivalent points.  In practice, calculations using several k-point 
schemes are used until the energies are consistent for several sets of k-point.   
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3.6 Ionic Minimization 
For a given set of energy cut-offs and k-point samplings, the variational principle is used 
to optimize the electron density distribution for a fixed set of atomic positions (the Born-
Oppenheimer approximation.)  It is not computationally feasible to sample every possible position 
of an array of ions to manually compare the energy of each configuration to find likely positions. 
A method of finding the lowest energy for the ionic positions is necessary for modeling realistic 
systems because the initial structural guesses are not usually the best choice. Even so, VASP is 
only capable of determining configurations of ions with no energy barrier from the initial guess.  
Figure 1 shows a schematic of a potential energy surface of one ion, in gray, in a multi-atomic 
system.  
The VASP software finds the optimum structure is accomplished by generating trial steps 
of the atomic position based on the forces calculated from the Hellman-Feynman theorem.  In this 
work, two ways of finding the local minimum-energy configurations were used.  Both use the local 
force acting on the atom obtained from the derivative of the potential energy with respect to 
position, called the Hessian, and an appropriate force factor to calculate how to move the ions 
Figure 4-1 Searching for the global minimum of energy for an ion (in gray) on a potential 
energy surface.  A) and B) give false minimums due to the proximity of a local minimum and 
a small slope, respectively.  C) shows an ion that could move along lines of force to the global 
minimum 
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toward the local minimum.  The minimization is done in steps because it allows all ions to move 
simultaneously in the calculation, and so must be done in an iterative fashion to map out new 
regions of the potential energy surface during each step.   
For an initial search, a conjugate gradient method was used.  This method uses forces to 
define a direction for atomic position that minimizes the energy, and estimates the local minimum 
based on the energy and its first and second derivatives.  For a conjugate gradient search, a trial 
step is taken, the energy is recalculated, and a corrector step is made to adjust the direction of 
movement.  Once the movement is in the direction towards the estimated minimum, the cycle 
begins with another trial step.  Figure 2 illustrates the path of an ion following the conjugate 
gradient method of minimization. This is a time-consuming process, but is important if the system 
is not close to a minimum energy configuration to establish the optimum direction of motion 
without over-shooting the minimum position when large forces are present. 
 
Figure 3-2 The ion movement determined by conjugate gradient method.  A) shows the path of 
the ion at an angle to that of steepest descent.  B) shows several steps along the path near the 
minimum.  
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Once the atomic position approaches the minimum energy configuration, the relaxation 
process can be set to a quasi-Newtonian method, which uses information from the previous step, 
and this is usually the faster convergence method as the force on the atoms becomes low.  This 
method sometimes causes the force to accelerate the atomic position to overshoot the minimum 
energy configuration, and so that the quasi-Newtonian method should only be used near a 
minimum.  Figure 3 illustrates the method of quasi-Newtonian relaxation.  Once the total force 
reaches a value equal to or less than the convergence criterion, then the relaxation is considered 
complete. 
 
Figure 3-4 Movement determined by the quasi-Newtonian force method.  A) shows the ion 
moving along the path of steepest descent of a potential energy surface.  B) shows the path of 
an ion accelerated using a time-step that moves the ion too far through the minimum. 
3.7 Minimum Energy Pathway for a reaction 
Frequently, information is required about the path a chemical state reaction toward a 
reactant through a transition state to a reaction product.  The reaction pathway and energy of the 
transition state can be compared with experimentally measured activation energies.  
-50- 
 
However, an issue with calculating reaction energy pathways is that the transition state 
structure is not at an energy minimum because it, by definition, is at a saddle point in the plot of 
energy versus reaction coordinate.  This precludes the variational principle from being used to 
calculate the structure and energy of the transition state. 
To solve this problem, the energies of the reaction pathway and at the transitions state must 
be calculated subject to some set of constraints that prevent the structure from relaxing to the 
minimum energy (either reactant or product) structures. 
This is accomplished in this work by the chain-of-states method.  Converged structures for 
the initial and final states of the reaction are found.  The intermediate steps in the reaction pathway 
from the reactant to the product structures are described by a series of images, or atomic positions 
along a trial reaction pathway.  In the so-called nudged-elastic-band, NEB, a pseudo-force or 
spring force connects the images, allowing the energy of each image to be minimized in the 
direction tangential to the reaction pathway, while preventing the images from moving 
independently and keeping them evenly spaced along the path.  Figure 4 A shows an illustration 
of a pathway across a potential energy surface. 
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Figure 3-4 A) NEB method for finding the MEP.  The ionic positions are constrained by a 
spring force between them, represented by gray arrows, along the direction of the reaction path 
that keeps the steps equally spaced.  The path goes through the saddle point, but it is not 
necessarily likely to find an image located directly at the transition state. B) cut-away image of 
cNEB method.  The same potential energy surface is used as in figure 4, but the forces are 
inverted along the potential energy path. 
In contrast to NEB calculations, the climbing nudged-elastic-band, cNEB, (illustrated in 4 
B) ensures that the saddle-point configuration is found, rather than points on either side of it, by 
inverting the forces along the band to ensure that there is a “false” local minimum at the transition 
state.  The images relax toward this minimum and yield the transition state structure.   
These methods require a converged product, which, if incorrect, can skew the minimum 
energy pathway (MEP) by pulling the images of the chain out of this pathway with the spring 
forces lining up toward a false minimum.   
This Chapter has briefly described the fundamental steps to computationally model 
chemical systems using DFT.  The models obtained using DFT with reasonable convergence 
criteria, appropriate starting positions, accurate potentials and precise sampling positions provide 
high degrees of accuracy in predicting a variety of physical phenomena.16  
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3.8 Conclusion 
DFT does a reasonably good job in predicting chemical systems if the correct decisions are 
made in implementing the method.  Converge reactant and product configuration must be found 
for cNEB calculations to be able to find the true minimum-energy pathway, and to avoid spring 
forces dragging the path through a false minimum.  Appropriate force constants and structural 
convergence criteria must be set based on the potential energy surface and the size of the system 
balance with the time to complete the calculation versus the required precision of energy and 
position.  The initial structural guesses must be those that result in a force that directs the structure 
toward the global minimum, which can never be known and depend on judgements of whether the 
final structure is chemically and physically reasonable.  Multiple initial configurations for systems 
are generally checked to ensure a correctly converge structure.  The software uses the variational 
principle to refine the electronic energies and charge densities until the convergence criteria is met.  
K-points and convergence criteria must be checked by doing multiple calculations and finding the 
point where there is no change in energy with change in k-points and convergence criteria. 
This Chapter is, as stated in the introduction, not a history of quantum mechanics or a full 
exposition of the subject, but should be treated as a field guide for performing DFT calculations.  
There are many excellent resources for those looking for a more in-depth understanding of the 
principles of quantum mechanics.17–20 21  
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Chapter 4 
Mechanical Activation of Decomposition of Methyl 
Thiolate on Copper Foil 
 
 
4.1 Introduction 
Chemical reaction rates can be accelerated by supplying energy thermally, photochemically, by an 
external electrical potential, or mechanically, the mechanisms by which the latter operates being 
the least well-understood.1  Despite this lack of understanding, over the past decades, a large 
number of mechanochemical syntheses have been discovered.2-6  Most fundamental insights into 
how mechanical energy can accelerate a chemical reaction comes from single-molecule force 
spectroscopy experiments 7-9 that take advantage of the exquisite sensitivity of the atomic force 
microscope and this approach also enables the direction of the force to be controlled with respect 
to the surface-mediated molecular orientation.  The results of such single-molecule pulling 
experiments have been analyzed theoretically using density functional theory (DFT), where, for 
example, it has been found that pulling alkyl thiolates from gold 10 or copper 11 causes gold atoms 
to be plucked out of the surface along with the alkyl thiolate group.  
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While such experiments and theoretical analyses provide an understanding of the effect of 
tensional forces, the majority of technologically important mechanochemical reactions are induced 
by interfacial shear, for example by ball milling or in a sliding contact, where a lubricant additive 
reacts with a surface to form a film that reduces friction and/or wear.  Mechanochemical removal 
of adsorbed layers by shear has been observed in the atomic force microscope 12-13 but the resulting 
small scan area precludes meaningful surface analyses of the rubbed region from being carried 
out.  DFT analyses have also been used to examine the effect of lateral force on adsorbed layers.  
For example, it has been shown that shear forces on alkyl thiolates on gold cause lateral motion 
both of thiolate-gold entities and the surface gold layer 10 in accord with the restructuring of gold 
surfaces covered by sulfur-containing molecules during scanning.14   
Analyzing the chemical processes occurring at such sliding solid-solid interfaces, in 
particular measuring reaction rates, is the most challenging of surface chemistry problems since in 
situ spectroscopies, certainly surface-sensitive techniques based on electrons, are impossible, so 
that buried interfaces can be interrogated only using optical spectroscopies when one of the counter 
faces is transparent.15  Although X-ray diffraction has recently been used to monitor 
mechanochemical reactions in situ,16 the technique is not surface sensitive.  Adding to these 
experimental problems is the fact that frictional heating can lead to uncertainties in the reaction 
temperature 17 and may result in an interface in which the energy distribution is no longer described 
by a Boltzmann probability.18  
These experimental challenges are addressed by using a model mechanochemical system 
consisting of a ball sliding on a methyl thiolate- (CH3–S–) covered copper surface in ultrahigh 
vacuum (UHV) and by measuring mechanochemical reaction kinetics from the gas-phase products 
formed during sliding.  Crucially, calculations of frictional heating for this experiment reveal a 
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temperature rise much less than 1 K; the interfacial temperature is well defined and has a 
Boltzmann energy distribution.  The experiments are supplemented by DFT calculations of the 
reaction energy profiles and molecular dynamics (MD) simulations of the sliding interface to 
analyze the force distribution on the methyl thiolates during sliding. 
 
4.2 Experimental 
Experiments were carried out in a stainless-steel, UHV chamber operating at a base 
pressure of ~2×10-10 Torr following bake out, which has been described in detail elsewhere.19-20 
The chamber was equipped with a UHV-compatible tribometer in which a pin can be slid against 
a flat substrate, which simultaneously measures the normal load and lateral force by means of 
strain gauges.  The contact resistance between the pin and substrate can be monitored.  
Measurements were made using speeds of 1 or 4×10-3 m/s at a normal load of 0.44 N.  The 
spherical pin (~1.27×10-2 m diameter) was made from tungsten carbide containing some cobalt 
binder and could be heated by electron bombardment in vacuo to clean it.   Adsorbed methyl 
thiolate species were prepared by dosing dimethyl disulfide (DMDS) through a high-precision leak 
valve connected to a dosing tube (with an internal diameter of 4×10-3 m) directed towards the 
sample so that the pressure at the sample was enhanced compared to the measured background 
pressure, which was set at 2×10-8 Torr during DMDS dosing (where pressures are not corrected 
for ionization gauge sensitivity).  Experiments were performed by initially rubbing the pin against 
the clean copper sample (~1×1 cm2 by ~ 1mm thick) 50 times until a constant friction coefficient 
was obtained. 
The chamber also contained a single-pass, cylindrical-mirror analyzer (CMA) for Auger 
analysis, and an argon ion bombardment source for sample cleaning and depth profiling.  Auger 
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spectra were collected using an electron beam energy of 5 keV.  A high spatial resolution electron 
gun and a channeltron secondary electron detector were also incorporated into the system.  This 
allowed scanning electron microscopy (SEM) images of the wear scar to be collected.  Finally, the 
chamber also included a quadrupole mass spectrometer (UTI model 100C) placed in line of sight 
of and ~10 cm away from the sliding contact.  The filament of the mass spectrometer was 
extensively outgassed prior to any experiments being carried out to minimize the background 
pressure.  The mass spectrometer was interfaced using a LabView program, which controlled the 
detected mass and monitored the mass spectrometer signal as a function of time.  The mass 
spectrometer was also used for leak checking and for gauging reactant purity.  An experiment was 
carried out by initially saturating the copper foil with DMDS after completion of the initial run-in 
period on the clean copper sample.  The pin then approached the surface until reaching a preset 
load and was then moved across the surface at a preset sliding speed while simultaneously 
monitoring the normal load (FN), lateral force (FL), and mass spectrometer signal.  The normal 
load remained constant during the scan and the friction coefficient was calculated from 𝜇 =
𝐹𝐿
𝐹𝑁
. 
The copper samples (Alfa Aesar, 99.99% pure, 1 mm thick) were polished to a mirror finish 
using 1 µm diamond paste and then rinsed with deionized water and cleaned ultrasonically in 
acetone.  Once in UHV, the copper sample was further cleaned using a procedure that consisted of 
Argon ion bombardment (~1 kV, ~2 µA/cm2) and annealing cycles up to ~850 K.  The cleanliness 
of the samples was monitored using Auger spectroscopy and it was found to exhibit rectangular 
low-energy electron diffraction (LEED) patterns after cleaning and annealing in UHV, indicating 
that the surface contained well-ordered Cu (100) regions.21 
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The DMDS (Aldrich, 99.0% purity) was transferred to a glass bottle and attached to the 
gas-handling system of the vacuum chamber, where it was subjected to several freeze-pump-thaw 
cycles.  The purity of the DMDS was monitored using mass spectroscopy. 
 
4.3 Theoretical Methods 
Density functional theory (DFT) calculations were performed with the projector 
augmented wave method 22-23 as implemented in the Vienna ab initio simulation package, VASP.24-
26 The exchange-correlation potential was described using the generalized gradient approximation 
of Perdew, Burke and Ernzerhof.27 A cutoff of 400 eV was used for the planewave basis set, and 
the wavefunctions and electron density were converged to within 1×10-6 eV.  The first Brillouin 
zone was sampled with a 7×7×1 Monkhorst-Pack grid.28 Geometric relaxations were converged 
when the force was less than 0.01 eV/Å on all unrestricted atoms.  Activation energies were 
calculated using the climbing image nudged elastic band method.  The initial and final states (first 
and last points on Figure 1) were first calculated with DFT and a linear interpolation of the atomic 
positions was used to determine the initial positions of the starting nudged elastic band (NEB) 
images.29-30 
Molecular dynamics (MD) simulations were performed on a system consisting of methyl 
thiolate species (CH3–S–) adsorbed onto two copper, Cu (100) plates.  The system was periodic in 
the plane of the 4×4 nm2 surfaces of the face-centered-cubic copper plates.  The initial simulation 
structure was constructed using Accelrys Materials Studio©, and subsequent simulations 
performed using Large Atomic/Molecular Massively Parallel Simulation (LAMMPS) software.31 
The Polymer Consistent Force Field (PCFF) with a global cutoff of 1.0 nm was used to describe 
bond, angle, torsion, and out-of-plane interactions between all atoms. A Nośe-Hoover thermostat 
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32-33 maintained the model temperature at 300 K and simulations were run with a time step of 0.005 
fs. 
An initialization process was used to create methyl thiolate-covered surfaces.  First, the 
system was equilibrated with weak non-bonded interactions between the Cu and the S atoms from 
the methyl thiolate molecules.  The simulation was equilibrated for 10 ps, the time required for the 
system to reach a stable potential energy, during which the CH3–S– groups moved freely between 
the two copper plates.  Then, the strength of the non-bonded interactions between Cu and S was 
artificially increased such that the S atoms migrated towards the Cu plates.  After the adsorbed 
system reached a stable potential energy, the positions of the adsorbed S atoms on the plates were 
fixed and the Cu–S interactions reduced to their initial values. 
Production simulations consisted of applying load and then shear.  First, a pressure of 450 
MPa was applied to the top copper plate and the system was allowed to equilibrate for 0.35 ns, the 
time necessary for the force between S atoms and methyl (CH3–) groups to achieve a Gaussian 
distribution with zero mean force in the lateral directions.  The top plate was then translated 
laterally with a sliding speed of 4 mm/s.  The force in the sliding direction on each S–C bond was 
calculated at each time step.  Details on the bond force calculation are available in Section 5 of the 
Supporting Information.  The top plate slid laterally a total of 2 nm, and the distributions of bond 
forces were averaged over the last 1 nm of sliding.   An animation of the simulation is shown in 
Movie S1. 
 
4.4 Results 
Experiments were performed on a copper surface saturated with methyl thiolate species 
that are grafted onto an atomically clean copper foil in UHV by exposure to dimethyl disulfide 
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(CH3–S–S–CH3, DMDS) at room temperature.  It has been shown that DMDS initially reacts by 
rapidly cleaving the S–S bond to form adsorbed methyl thiolate (CH3–S–(ads)) species that 
decompose thermally to evolve predominantly methane (along with some ethylene and ethane) 
displaying a peak centered at ~425 K in temperature-programmed desorption (TPD).21  Here the 
additional hydrogen required to form methane from methyl thiolate species is provided by 
formation of C2 hydrocarbons.
21  Thus, for a room-temperature experiment, the temperature rise 
required to cause methyl thiolate decomposition (~125 K) is much larger than that caused by 
frictional heating; any reaction products detected during sliding must be formed mechanically.  A 
reaction activation energy for methane formation is estimated from the TPD peak temperature by 
assuming a typical pre-exponential factor of 1×1013 s–1 34  to be ~100 kJ/mol,21 giving a thermal 
reaction rate constant of ~ 4±1×10–5 s–1 at 290 K. 
Control experiments were performed to ensure that the methane formed during rubbing 
evolved from the sliding contact and was not due to desorption from other moving parts of the 
vacuum chamber. In the first experiment, a thiolate-saturated copper sample was heated to 450 
K to thermally decompose the thiolate species. The relatively short heating time of ~30 s 
ensured that only the sample and no other parts of the apparatus were heated. No methane was 
detected after this procedure while rubbing, indicating that the methane detected for the methyl 
thiolate-covered surface is due to adsorbed methyl thiolate decomposition. Second, a thiolate 
saturated sample was rubbed in both directions (towards and away from the mass spectrometer). 
The resulting plot of 16 amu (methane) signal as a function of the number of passes, with a 
normal load on 0.44 N and a sliding speed of 4×10-3 m/s is displayed in Figure 1(A). This no 
longer shows the exponential decrease in pulse height as a function of the number of scans, but 
relatively larger signals when the pin slides away from the mass spectrometer than towards it. 
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This confirms that the methane evolves from the sliding contact rather than being due to 
outgassing of other moving parts of the vacuum chamber since the latter would not depend on 
the sliding direction. This indicates that the gas-phase products are trapped in the interface and 
released as the pin moves past, giving a directionality to the release of hydrocarbons. Similar 
trapping of shear-induced reaction products has been found in MD simulations. An expanded 
methane desorption pulse is shown  
in Figure 1(B), which indicates that methane is only detected while rubbing. 
 
Figure 4-1 (A) Plot of the 16 amu (methane) signal measured during reciprocating sliding on a 
thiolate-saturated copper foil as a function of the number of scans at a sliding speed of 4×10-3 
m/s with a normal load of 0.44 N.  The methane signals measured while the pin is moving 
towards the sample are labeled T and those measured with the pin moving away from the sample 
are labeled A. (B) Expanded profile of a methane desorption pulse measured at a sliding speed 
of 2×10-3 m/s with a normal load of 0.44 N. 
DFT calculations are used to explore the lowest-energy decomposition pathway for methyl 
thiolate species on copper using the NEB method on a Cu(100) substrate, since this surface 
structure was detected by low-energy electron diffraction (LEED) for a copper foil that had been 
cleaned and annealed in UHV.21  The slab is composed of 2x2x4 copper atoms, with the lowest 
layers two layers of the slab frozen and a methyl thiol in a hollow on the top copper layer in a p2x2 
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cell, under a significant vacuum gap.  This configuration corresponds to half coverage.  The 
resulting energy profile is shown in Figure 2, yielding a reaction activation energy for C–S bond 
scission of ~106 kJ/mol, in excellent agreement with the value for methane formation estimated 
from the TPD experiment.  Experiments on the thermal chemistry of DMDS on copper foils 21 
showed that methane formation at ~425 K was accompanied by methyl thiolate decomposition as 
evidenced by the shift of the S 2p X-ray photoelectron peak due to the formation of adsorbed 
sulfur.  A small feature at ~2827 cm-1 in the infrared spectrum of the surface observed while 
heating a methyl thiolate-covered surface was assigned either to the presence of methyl groups on 
the surface or an overtone.  XPS indicated that thiolate decomposition to form adsorbed sulfur 
occurred over the same temperature range at which methane was detected, consistent with thiolate 
decomposition being the rate-limiting step in the reaction.  If the subsequent reactions of the methyl 
species formed by C–S bond scission were rate limiting, the activation energy for methane 
formation would be larger than that calculated by DFT; the agreement between the calculated 
activation barrier for methyl thiolate decomposition and the measured activation energy for 
methane formation provide evidence that the rate-limiting step is methyl thiolate decomposition 
to CH3(ads) and S(ads).   The detection of methane at room temperature during sliding (see below) 
indicates that, for our system, the subsequent reaction steps after C–S bond cleavage are fast. 
Figure 2 also shows how the structure of adsorbed methyl thiolate evolves during the 
reaction, revealing that the methyl group moves laterally relative to the copper surface, which 
provides a reference plane, in going from the initial (CH3–S–(ads)) state to the transition state.  This 
motion is collinear with the friction force, which is parallel to the surface thus providing an ideal 
system for understanding mechanochemical mechanisms at a sliding interface.  The key to 
accomplishing this is the ability to measure mechanochemical reaction rates which is achieved by 
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monitoring the gas-phase products formed during sliding of a tungsten carbide ball containing a 
copper transfer film formed during a run-in period, against a methyl thiolate-covered copper 
sample.  In this case, the shear forces are exerted directly on the methyl thiolate species in an 
analogous manner to that found for fluid shear.35 
 
Figure 4-2 The profile of energy versus the lateral displacement of the methyl group in methyl 
thiolate, for the decomposition of methyl thiolate species on a Cu (100) surface obtained using 
density functional theory calculations.  The calculated activation energy (~1.1 eV, ~106 kJ/mol) 
is in good agreement with the experimental value measured by temperature-programmed 
desorption.21 Shown also in the figure is the evolution in the structure of the thiolate species as 
it forms adsorbed methyl species. 
The experiment is carried out in UHV at a sliding speed of 4×10-3 m/s under a normal load 
of 0.44 N by monitoring the gas-phase 16 amu (methane) signal using a quadrupole mass 
spectrometer placed close to and in-line-of-sight of the contact between the ball and sample.  A 
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wear track is first created on the clean copper sample, resulting in a stable friction coefficient μ = 
FL/FN  = 0.52 ± 0.06, where FL is the lateral force and FN the normal load, causing the transfer of 
copper to the tribopin.  The surface is exposed to DMDS at room temperature to saturate it with 
methyl thiolate species and the sample is then rubbed in one direction, away from the mass 
spectrometer, on the previously rubbed region, while simultaneously monitoring any desorbing 
species, where the friction coefficient decreased to 0.28 ± 0.06.  The resulting plot of the 16-amu 
(methane) signal as a function of the number of sliding passes is displayed in Figure 3A.  
Measuring the signals at other masses confirms that methane is formed, as in the thermal 
reaction, and control experiments established that the methane evolved from the sliding contact.  
The results of scanning until the methane evolution has decreased to zero (after ~8 passes) and 
then re-exposing the surface to DMDS to again saturate the previously rubbed region with methyl 
thiolate species are shown as an inset to Figure 3A.  This plots the desorption yields calculated 
from the integrated areas under the desorption pulses for each scan versus the number of scans.  
The results are identical within experimental error, which is ~10% of the signal, for each 
experiment, indicating that the mechanochemical reaction reforms a clean surface, in accord with 
previous elemental analyses of the rubbed region using Auger spectroscopy where it was shown 
that adsorbed sulfur is transported into the subsurface region.19  The results indicate that several 
passes over the initially thiolate-saturated surface are required to completely remove all methyl 
thiolate species, thereby allowing the rate constant for the mechanically induced decomposition of 
the methyl thiolate species to be measured.   
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Figure 4-3 (A) The 16 amu (methane) signal measured by sliding a tungsten carbide pin 
containing a copper transfer film on a pre-rubbed (50 scans) clean copper foil as a function of 
the number of scans at a sliding speed of 1×10-3 m/s with a normal load of 0.44 N showing the 
decay in methane desorption yield as a function of the number of scans.  Shown as an inset is 
the desorption yield measured from the area under each methane pulse as a function of the 
number of scans.  After collecting data for the first DMDS dose while sliding at 4×10-3 m/s, until 
no more methane was detected (■), the sample was re-saturated with DMDS and the 16 amu 
signal again monitored (●).  This experiment was repeated for the third (▲), fourth (▼) and 
fifth (♦) DMDS doses, where the evolution of methane yield as a function of the number of scans 
is identical within experimental error. (B)  Plot of the desorption yield measured from the 
integrated area under each desorption pulse for the nth pass Yn for the desorption of methane 
during sliding, taken from the data in Figure 2A, plotted versus (n-1). 
 
For a first-order reaction with a shear force  ,F k F , the rate of change of surface coverage θ 
due to mechanochemical desorption is: 


)(Fk
dt
d

    (1)
 
 Defining the coverage at the inlet of the contact as θI, and the coverage at the outlet as θO as 
the contact slides over a portion of an adsorbate-covered wear track, the decrease in coverage
0I     is given by: 
))(exp( FkIO       (2)
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so that )))(exp(1( FkI   .  The decrease in thiolate coverage results in gas-phase methane 
formation so that the methane yield Y, measured from the integrated area under the methane 
desorption pulse, is proportional to  so that )))(exp(1( FkAY I   , where A is a 
normalization constant.  The inlet thiolate coverage for the first pass (1) 1I  so that the methane 
desorption yield during the first pass is )))(exp(1(1 FkAY  .  The inlet coverage for the second 
pass, (2)I equals the outlet coverage for the first pass; ))(exp()2( FkI  .  Thus, the desorption 
yield in the second pass is given by: ))(exp(1))((exp(2 FkFkAY  . Repeating this process 
shows that the yield for the nth pass, defined as the total amount of methane produced in each pass, 
is given by: 
))()1(exp()))(exp(1( FknFkAYn      (3)
 
The sum over all yields should be the initial coverage (unity).  Putting 𝛼 = exp (−𝑘(𝐹)) gives 
𝑌𝑛 = 𝐴(1 − 𝛼)𝛼
(𝑛−1).  The total yield Ytot is obtained by summing over all values of n: 
( 1)
1
(1 ) ntot
n
Y A  



  
    (4)
 
Since α is less than unity, the series converges giving 1totY A  leading to an equation for Yn : 
     )1()1(  nnY       (5) 
and yields an equation that depends on 𝑘(𝐹) for a first-order reaction with respect to number of 
passes.  
The experiments were all carried out at the same speed and a time dependence is not 
known.  If a time dependence is assumed, the contact time would be a constant in each pass.  
Assuming there is a time dependence, eq. 3 can then the measured from the integrated areas under 
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each desorption pulse, 𝑌𝑛 for the n
th pass, modeled as a first-order, time dependent reaction is given 
by: 
  𝑌𝑛 = (1 − exp(−𝑘(𝐹)𝑡𝐶))(exp (−𝑘(𝐹)𝑡𝐶)
(𝑛−1)   (6) 
where 𝑘(𝐹) is the rate constant under the influence of a lateral force F, and tC is the time required 
for the pin to traverse the contact.  The data in Figure 2A are replotted as ln (𝑌𝑛) versus (n-1) 
(Figure 2B), which is linear, thus confirming the validity of equation (3), yielding a value 
of 𝑘(𝐹) 𝑜𝑟 𝑘(𝐹)𝑡𝐶 = 0.78 ± 0.02 pass
-1 or s-1, respectively.   
 To determine the time dependent rate, if any, the nature of the contact must be known.  
Assuming that the surface deforms elastically with a conformal contact between the ball and 
groove after completion of the formation of the initial wear track gives a contact length of 37 ± 2 
μm, an average contact pressure PC  = 120 ± 6 MPa,36 so that  𝑘(𝐹) = 21 ± 1 s-1 with tC = 36 ± 2 
ms at a sliding speed of 1×10-3 m/s.  This rate constant yields an activation energy of 65.0 ± 0.5 
kJ/mol using the standard value of the pre-exponential factor at a temperature of 290 K.  Assuming 
that the elastic contact arises from a groove radius that is slightly larger than that of the ball (see 
Supporting Information, Section 3.2) yields an average contact pressure PC = 95 ± 5 MPa and an 
average contact length of ~40 μm, giving that  𝑘(𝐹) = 19.5 ± 1 s-1, changing the activation energy 
negligibly to 65.0 ± 0.5 kJ/mol.  Finally, assuming that the surface deforms plastically results in a 
shorter contact length (~10 μm).  Using this value to estimate tC yields k(F) = 78 ± 2 s-1.  However, 
this change again only has a relatively modest effect on the mechanochemical activation energy, 
which is reduced to 61.8 ± 0.2 kJ/mol.   The values for the different contact model are summarized 
in Table 1. 
Note that the differences in shear-induced rate constants depending on the nature of the 
assumed contact are much smaller than the change caused by interfacial sliding from the thermal 
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rate contstant at this temperature (4±1×10–5 s–1).  The availability of an experimental value of the 
shear-induced rate constant, k(F) allows the mechanism by which a shear force accelarates a 
chemical reaction to be explored in detail. 
 
4.5 Discussion 
It is clear that the rate of methyl thiolate decomposition is significantly accelerated at the 
sliding interface.  The mechanism by which this works will need thorough study to be explained.  
It is unlikely that low coordination sites are the cause for the decomposition due to the extremely 
low decomposition temperature of methyl thiolate on a more open or strained surface1,2 relatively 
given high, measurable decomposition rate during rubbing.  The sulfur-carbon bond is not being 
broken immediately on dosing a full monolayer, but is instead decomposing slowly while rubbing.  
The exponential decay of the signal with scan number indicates a probabilistic function is an 
appropriate starting point for analysis. 
Assuming a time-dependent model, the external work carried out during sliding directly 
lowers the energy barrier and the most commonly used model for describing mechanochemical 
reaction rates, the Bell model 35, 38-39 proposes that the reaction activation energy, Eact decreases 
by an amount equal to the external work performed on the system, 𝐹 . ∆𝑥 , where ∆𝑥  is a vector 
aligned along the reaction coordinate from the initial state towards the transition state under the 
influence of an external mechanical force 𝐹 .  Bell pointed out that the activation energy becomes 
zero if |∆𝑥 | equals the distance from the reactant to the transition state |∆𝑥‡⃗⃗⃗⃗ |,38 yielding a simple 
formula for the rate constant k(F): 
     𝑘(𝐹) = 𝑘0𝑒𝑥𝑝 (
𝐹 .∆𝑥 ‡
𝑘𝐵𝑇
)    (7) 
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where kB is the Boltzmann constant, 𝑘0 = 𝐴𝑒𝑥𝑝 (−
𝐸𝑎𝑐𝑡
𝑘𝐵𝑇
), the thermal rate constant at a temperature 
T, and A the reaction pre-exponential factor.  Analogous ideas have been used to model atomic-
scale wear during sliding 40-41 and to model viscosity.35  Modifications of this equation have been 
proposed, 9, 39, 42-43  but the simple EB model has been found to work reasonably well at low 
stresses, 44 although it has been suggested that |∆𝑥‡⃗⃗⃗⃗ | should be considered to be a variable that is 
fit to the data.  However, the model assumes that the shape of the energy profile is not influenced 
by the imposition of an external force although this simple model is particularly useful since the 
shape of the energy profile is often not known.  However, in this work, the thermal reaction profile 
is available from DFT calculations (Fig. 2).  This allows a more complete analysis to be performed 
to gauge the effect of a shear force F on the reaction profile.  This is achieved by superimposing 
an external potential, 𝑉𝑒(𝑥) = −𝐹𝑥 due to the imposed force F on the reaction energy profile 𝑉𝑟(𝑥) 
(Fig. 2).  This yields a total energy profile as a function of the external force, V(𝐹) = 𝑉𝑟(𝑥) − 𝐹𝑥.  
The variation in the height of the activation barrier of the combined potential is calculated 
numerically as a function of F and the results are shown in Fig.4 (■) and demonstrate that the 
energy barrier decreases with increasing lateral force, as expected.  Shown also  plotted on this 
graph is the prediction of the Bell model using a value of |∆𝑥‡⃗⃗⃗⃗ | = 0.22 nm taken from Fig. 2.  This 
model correctly predicts the decrease in energy barrier only for very low forces, but deviates quite 
substantially from the values obtained from the full profile (■) at higher forces.  This effect arises 
since the curvature of the energy profile for the initial state is much smaller than that for the 
transition state (Fig. 2).  This causes the position of the minimum in energy for the initial state to 
move to higher x values more rapidly than the position of the transition state under the influence 
of the external potential 𝑉(𝑥) = −𝐹𝑥. 
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Figure 4-4 Plot of the calculated energy barrier as a function of the shear force obtained from 
the calculated energy profile for the decomposition of thiolate species (Fig. 2) by superimposing 
a potential due to the external for, V(x)=-Fx.  This is compared with the prediction of the 
conventional Bell model, drawn as a red line.  Indicated also as thick lines is the discrete force 
(of ~0.5 eV/Å) that would be required to lower the activation barrier to the experimentally 
measured values of between 64 and 58 kJ/mol).  An inset shows a plot of the height of the 
activation barrier as a function of 〖(F^*-F)〗^(.3⁄2), where F* is the value of the force at 
which the energy barrier decreases to zero. 
Prandtl carried out the earliest work on the effect of an external force on lowering the 
barrier of an activated process 45 and showed that the energy barrier should decrease to zero at 
some critical force F* and vary as a function of energy as the force appraches this value as 𝐸𝑎(𝐹) ∝
(𝐹∗ − 𝐹)
3
2⁄ .  This theory, generally known as the Tomlinson/Prandtl model, has been successfully 
used to describe the temperature and velocity dependences of nanoscale friction measured using 
an atomic force microscope (AFM).46-51  The calculated energy barrier is therefore plotted versus 
(𝐹∗ − 𝐹)
3
2⁄  and the result is shown as an inset in Figure 4.  This reproduces the variation in energy 
barrier with shear force over a reasonable range of forces using a value of F* ~ 2.85 eV/Å (~1.78 
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nN).  Shown also plotted onto this figure are the values of shear force that would be required to 
lower the activation barrier to the experimetally measured values (~62 to 65 kJ/mol), suggesting 
that this would require a force F ~ 0.5 eV/Å (~0.3 nN/molecule). 
The value of F can be obtained from the shear strength S (sliding force per unit area) from 
𝜇 = 𝑆/𝑃𝐶 where μ is the friction coefficient (0.28 ± 0.06) and PC the contact pressure (Table 1).  
Thiolate species on Cu(100) saturate in a c(2×2) over layer corresponding to a theoretical 
saturation coverage of 0.5 ML (monolayers, where coverages in this case are normalized to the 
copper atom density on the Cu(100) face).52-54  However, since the thiolates form due to 
dissociative adsorption of dimethyl disulfide, which will require the presence of two adjacent 
adsorption sites, the true saturation coverage will not attain this value, so that a more realistic 
saturation coverage of 0.45 ML is used to take this into account.  This yields a value of the average 
lateral force F from ~0.015 to 0.018 nN/molecule for elastic contacts and a value of F = 0.07 ± 
0.01 nN/molecule for a plastic contact and the values are summarized in Table 1.  These values 
are much lower, by an order of magnitude or more, than that required to yield the measured shear-
induced activation barrier (~0.3 nN/molecule, Fig. 4). 
However, the multiplicity of molecular contacts at the sliding interface can result in a 
distribution of lateral forces as found previously in MD simulations of organic molecules on 
surfaces.55-56   Accordingly, MD simulations were carried out with a contact pressure of 450 MPa, 
corresponding to the measured hardness of the cleaned and annealed copper foil,57 at a sliding 
speed of 4×10-3 m/s to characterize the force distribution on a methyl thiolate over layer on copper.  
The results reveal that there is a broad, Gaussian distribution in forces acting on the carbon-sulfur 
bonds as shown in Figure 5, where the average calculated shear force per molecule F0 is ~0.08 nN, 
in reasonable agreement with the experimental values above.  Note that this distribution of bond 
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forces is symmetric, consistent with the harmonic form of the bond term in the empirical potential; 
this is different from the asymmetry expected from the contact force distribution.56   
The Polymer Consistent Force Field (PCFF) with a global cutoff of 1.0 nm was used to describe 
bond, angle, torsion, and out-of-plane interactions between all atoms.  Bond interactions are 
described by 𝐸 = 𝐾2(𝑟 − 𝑟0)
2 + 𝐾3(𝑟 − 𝑟0)
3 + 𝐾4(𝑟 − 𝑟0)
4 where E is energy, r is distance, and 
r0, K2, K3, and K4 are coefficients. PCFF is not a reactive potential, so that the bonds cannot break.  
Instead the form of the equation is harmonic such that the force is zero when the bonds are at their 
equilibrium lengths and then increases rapidly when the bonds are stretched or compressed.  The 
interactions between two contact surface atoms are captured by the Lennard-Jones potential, 𝐸 =
4𝜀 [(
𝜎
𝑟
)
12
− (
𝜎
𝑟
)
6
] where E is energy, r is distance, ε is the depth of the potential well and σ is the 
distance at which potential is zero.  
5.2 Shear Force per Molecule 
 
The shear force per molecule is estimated as the x-direction force on the bond between the 
sulfur and carbon atoms. This value is calculated based on the following equation:  
𝑑 =  √(𝑥1 − 𝑥2)2 + (𝑦1 − 𝑦2)2 + (𝑧1 − 𝑧2)2 
    𝑓𝑥−𝑏𝑜𝑛𝑑 = 𝑓𝑡𝑜𝑡𝑎𝑙−𝑏𝑜𝑛𝑑 |
(𝑥2−𝑥1)
𝑑
|    (8) 
where d is distance, x, y, z are coordinates of atom 1 (sulfur) and 2 (carbon), fx-bond is the x-
directional bond force, and ftotal-bond is the total bond force (per the empirical potential described in 
the previous section). Since there are many sulfur-carbon bonds in the simulation, there is a 
distribution of bond forces at any given time. The average shear force per molecule is estimated 
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as the mean of the x-direction bond-force distribution. We confirm that the simulation has 
converged by ensuring that the time-dependent average shear force per molecule is constant. 
The contact pressure is calculated from the net normal force acting on the top copper plate 
divided by the contact area. We also partially validate the simulations by analyzing the distribution 
of the normal and shear forces on the plates. This is calculated from the non-bonded (Lennard-
Jones) force between the carbon atoms on the top plate and the carbon atoms on the bottom plate. 
Figure 5 shows the contact force distributions in the loading (normal) and sliding (shear) 
directions. These distributions are obtained from forces output every 0.25ps during a 1 nm 
simulation. The results are consistent with distribution reported in a previous simulation study. 
 
Figure 4-5 Contact force distributions along the loading (left figure) and sliding (right figure) 
directions taken at a sliding speed of 40 m/s with a contact pressure of 450 MPa. 
  
Defining a parameter 𝐷 = 𝜎/𝐹0, where σ is the standard deviation of the Gaussian force 
distribution and F0 is the average force predicts a value of D ~ 7 from the MD simulations.  Since 
the MD simulations we carried out for a relatively small contact area, such a force distribution is 
likely to occur not only in the microscale contacts present in the sliding of a pin on a copper 
substrate studied here but also in the nanocontact of an AFM tip.  Similar calculations were carried 
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at using higher pressures and the results are summarized in Table 2 showing that contact pressure 
does not appear to strongly influence the value of D.   
 
Figure 4-6 The calculated force distribution from MD simulations of ~0.45 monolayers of 
methyl thiolate species on Cu (100) (where a monolayer is defined as the number of thiolate 
molecules per copper atom on the (100) surface) at a sliding speed of 4 mm/s with a contact 
pressure of 450 MPa; snapshots of the simulations are shown in the insets and a movie is shown 
in the Supporting Information section.  The calculated average force F0 is ~0.08 nN (dashed 
line in figure).  However, the distribution of forces is Gaussian with a significant proportion of 
molecules experiencing much larger forces than the average value.  The calculations show that 
D, defined as 𝝈/𝑭𝟎, where σ is the standard deviation of the force distribution (dotted line in 
figure) is ~6.9 
Such a force distribution implies that there are much larger forces acting on the methyl 
thiolate over layer on copper than indicated by the average force and that they are sufficiently high 
to enable the methyl thiolates to decompose at room temperature.  To explore whether the range 
of values of D obtained using MD simulations are sufficient to reproduce the experimentally 
observed activation energies, the effective rate constants k(F) and the corresponding activation 
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energies, Ea(F), were calculated for a Gaussian distribution of forces using the variation in 
activation barrier with force shown in Fig. 4. 
A Gaussian force distribution p(F) is found from MD simulations: 
    𝑝(𝐹) =
1
√2𝜋𝜎
𝑒𝑥𝑝 (−
(𝐹−𝐹0)
2
2𝜎2
)     (9) 
where F0 is the average force and σ is the width of the distribution.  Rewriting this using 𝐷 = 𝜎/𝐹0 
gives: 
    𝑝(𝐹) =
1
√2𝜋𝐷𝐹0
𝑒𝑥𝑝 (−
(𝐹−𝐹0)
2
2𝐷2𝐹0
2 )    (10). 
The activation energy varies with force as ΔEa(F) as shown in Fig. 3 so that the number of 
molecules δn that have activation barriers between 𝐸𝑎(𝐹) and  𝐸𝑎(𝐹) + 𝛿𝐸𝑎(𝐹) is given by: 𝛿𝑛 =
𝑁𝑝(𝐸𝑎(𝐹))𝑑𝐸𝑎(𝐹) where N is the total number of molecules.  For a first-order reaction, the 
reaction rate 𝛿𝑟 = 𝐴𝑒
−(
∆𝐸𝑎(𝐹)
𝑘𝐵𝑇
)
𝛿𝑛 = 𝐴𝑒
−(
∆𝐸𝑎(𝐹)
𝑘𝐵𝑇
)
𝑁𝑝(𝐸𝑎(𝐹))𝑑𝐸𝑎(𝐹).  The total rate of reaction R 
is obtained by integrating over all rates: 𝑅 = 𝐴𝑁 ∫ 𝑒
−(
∆𝐸𝑎(𝐹)
𝑘𝐵𝑇
)
𝑝(𝐸𝑎(𝐹))𝑑𝐸𝑎(𝐹)
∞
0
, yielding an 
effective, shear-induced rate constant k(F) given by: 
    𝑘(𝐹) = 𝐴∫ 𝑒
−(
∆𝐸𝑎(𝐹)
𝑘𝐵𝑇
)
𝑝(𝐸𝑎(𝐹))𝑑𝐸𝑎(𝐹)
∞
0
   (11). 
This barrier is related to the effective activation energy (measured experimentally) through 
𝑘(𝐹) =
𝐴𝑒𝑥𝑝 (−
𝐸𝑎(𝐹)
𝑘𝐵𝑇
), so that: 
   𝑒𝑥𝑝 (−
𝐸𝑎(𝐹)
𝑘𝐵𝑇
) = ∫ 𝑒
−(
𝐸𝑎(𝐹)
𝑘𝐵𝑇
)
𝑝(𝐸𝑎(𝐹))𝑑𝐸𝑎(𝐹)
∞
0
   (12). 
The integral is evaluated numerically for both elastic and plastic contacts.  The value of the energy 
distribution ΔEa(F) is evaluated both using the (𝐹∗ − 𝐹)
3
2⁄  dependence alone (inset to Fig. 3) and 
by using the full variation that includes the initial decrease at low forces calculated from the Bell 
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model as a function of D.  The results for the elastic contact are displayed in Fig. 5, showing that 
Ea(F) decreases with increasing values of D, as expected.   
 
Figure 4-7 Plot of the influence on the effective activation energy 𝑬𝒂(𝑭) for a Gaussian force 
distribution with an average force of F0 ~ 0.018 nN/molecule with a width at half maximum of 
σ, where the energy is plotted versus D, defined as 𝑫 = 𝝈/𝑭𝟎.  In this case, the value of F0 was 
estimated by assuming that the surface deforms elastically.  The horizontal line shows the 
measured value of the shear-induced methyl thiolate decomposition activation energy again 
assuming elastic deformation of the contact. 
There are significant differences between the predictions when only considering the (𝐹∗ − 𝐹)
3
2⁄  
force distribution compared with the full distribution, but this difference disappears for larger D 
values, as the width of the force distribution becomes larger and so is dominated by higher forces 
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(Fig. 4).  Comparison with the experimental value of activation energy under shear for an 
elastically deforming interface (Table 1) predicts that a rather large D value of ~18 is required to 
reproduce the experimental results. 
 Contact pressure, 
PC/MPa 
Track 
length/μm 
Force per 
molecule/nN 
k(F)/s-1 Ea(F)/kJ/mol 
Plastic contact 450 10 0.07±0.01 78±2 61.8±0.2 
Elastic contact 
(identical tip and 
groove radii) 
120±6 37 
0.018±
0.003 
21±1 65.0±0.5 
 
Elastic contact 
(different tip and 
groove radii) 
95±4 40 
0.015±
0.003 
19.5±1 65.0±0.2 
Table 4.1 The average contact pressure and track length calculated for various contact models 
(see Supporting Information, Section 3).  Shown also is the average force per molecule, and the 
calculated shear-induced methyl thiolate decomposition rate constant, k(F) and well as the 
corresponding reaction activation energy calculated assuming a standard pre-exponential 
factor of 1×1013 s-1 
Similar results for the plastically deforming contact are shown in Fig. 6.  Now, because of 
the larger value of F0 (Table 1), the error in neglecting the initial activation energy decrease (Fig. 
3) is less and both curves rapidly converge to similar values.  Now the calculation yields a value 
of D ~ 5, much closer to the predictions from MD simulations (Table 2).  These results indicate 
that the large forces present in the tail of the broad force distribution exerted on a methyl thiolate 
over layer at a sliding interface is responsible for the experimentally observed rate of methyl 
thiolate decomposition. 
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Figure 4-8 Plot of the influence on the effective activation energy 𝑬𝒂(𝑭) for a Gaussian force 
distribution with an average force of F0 ~ 0.07 nN/molecule with a width at half maximum of 
σ, where the energy is plotted versus D, defined as 𝑫 = 𝝈/𝑭𝟎.  In this case, the value of F0 was 
estimated by assuming that the surface deforms plastically.  The horizontal line shows the 
measured value of the shear-induced methyl thiolate decomposition activation energy again 
assuming plastic deformation of the contact. 
 
Pressure/GPa D 
0.45 7.1 
1 7.3 
2 7.2 
4 7.5 
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Table 4-2 Values of D obtained from the molecular dynamics simulation at different normal 
pressures at a sliding speed of 40 m/s. 
The larger value of D for the elastic contact can be traced to the lower value of F0 and the 
behavior shown in both Figs. 5 and 6 are dominated by the width of the Gaussian force distribution.  
For both the plastic and elastic distribution, agreement with the experimentally measured 
activation energy occurs for σ ~ 0.14 nN/molecule.  MD simulations predict that D should be ~ 7 
(Table 2) and is consistent with a plastically deforming contact (Fig. 8).  Note that the value of F0 
predicted by MD simulations under conditions similar to the ones used in the experiment (0.08 
nN) is very close to the value measured assuming a plastically deforming contact (0.07 ± 0.01 nN).  
An AFM image of the wear track (Fig. 7) reveals marks along the sliding direction with a root-
mean square roughness of ~ 5 nm so that the sliding interface is by no means atomically smooth.  
Experiments to correlate the nature of the contact with various metals to their plasticity indices 36, 
58 indicate that copper does deform plastically in the contact.57   
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Figure 4-9 Atomic force microscope image of a 70 μm × 70 μm region of the wear track region 
after completion of the run-in period. 
 
4.6 Conclusions 
We have thus demonstrated that the mechano- and tribochemical processes occurring at 
sliding interfaces can be analyzed by considering the distribution of forces present at the sliding 
interface; only in the highest forces in the tail of the distribution are capable of reducing the 
activation energy sufficiently to lead to measurable reaction rates at room temperature.  The broad 
distribution results in lateral forces that are both along and opposite to the direction of motion, the 
average of these forces being the measured frictional force.  This arises because of the wide range 
of interactions between the methyl thiolate species at the contacting interface, which will depend 
in detail on their relative positions as they come into contact under the influence of the normal load 
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and the results indicate that significant mechanochemical rates can be obtained under mild sliding 
conditions.  These results may help rationalize the intriguing discovery of graphitic tribological 
layers on the surface of metal-on-metal hip replacements,59-60 which are unlikely to attain the 
temperatures required to thermally form such films.  The in-situ kinetic methods developed in this 
work will provide a general strategy for understanding shear-induced mechanochemical reaction 
rates of surfaces and well-defined adsorbate layers, and can easily be extended to studying systems 
for which the reaction coordinate for the lowest-energy pathway is not oriented parallel to the 
surface to selectively induce non-thermal reactions.  Combining this with the ability to use 
conventional surface analysis techniques to determine the composition of the surface formed after 
a mechanochemical reaction will provide a complete picture of the shear-induce surface chemistry. 
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Chapter 5 
Analysis of Diethyl and Dimethyl Dithiol Decomposition 
Pathways  
 
 
5.1 Introduction 
 
Tribochemical reactions occur at a buried solid-solid interface so that obtaining 
information on the elementary steps in the reaction pathway and their rates becomes a particular 
challenge due to the lack of surface-sensitive techniques available for analyzing the nature of such 
a buried interface.  In some cases, the sliding interface can be analyzed using optical techniques as 
long as the material of one of the counter faces is transparent 1-5.  However, because the thermal 
reactions of a lubricant or lubricant additive, and perhaps the tribochemistry are influenced by the 
nature of the contacting surfaces, such strategies are not generally applicable, in particular for 
understanding the role of the surface itself in the reaction.  While direct, in-situ analyses, defined 
as the analysis of the sliding interface during rubbing, are the most valuable for determining 
reaction pathways and their kinetics, such techniques are sparse, and must be supplemented by ex-
situ analyses.  The latter is the most common approach to analyze tribofilms.  Ex-situ analyses are 
most often carried out by removing the sample from the tribometer.  This has the advantage that a 
number of different techniques can be used to analyze the same region to obtain a full picture of 
the nature and structure of the boundary film.  However, this type of ex-situ analysis potentially 
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suffers from two problems.  First, the surface may change either with time or due to atmospheric 
exposure; second, the evolution of the nature of the boundary film as a function of time, or the 
number of scans cannot be obtained using such ex-situ analyses since it is essentially impossible 
to replace the sample into the tribometer at exactly the same location.  Thus, more revealing ex-
situ analyses are those that are performed in the same location as a function of the number of scans 
with the sample always inside the tribometer.  The rubbed regions in the majority of tribometers 
are narrow, since they usually involve a ball sliding on a flat sample, and therefore such analytical 
techniques should have reasonably good spatial resolution and be surface sensitive.  Issues of 
atmospheric contamination are also important in such experiments and are addressed in this work 
by using an ultrahigh vacuum (UHV) tribometer to minimize and hopefully eliminate such effects. 
Because of the lack of access of spectroscopic probes (for example, photons or electrons) 
to a non-transparent solid-solid interface, there are, as far as we are aware, only three in-situ 
techniques available for studying chemical reactions and their rates at such interfaces.  The first is 
to measure the change in friction force as a surface reaction proceeds.  By arguing that the different 
intermediates and products have different characteristic frictional properties, the time dependence 
of the friction force (or friction coefficient) reflects the kinetics of the surface reaction.  Thus, if 
there are several reactants, intermediates and products on the surface, and if the ith component has 
a relative, pass-dependent coverage Θ𝑖(𝑝), with an associated friction coefficient 𝜇𝑖, then the time 
evolution of the friction coefficient 𝜇(𝑡) can be written as: 
    𝜇(𝑡) = ∑ 𝜇𝑖Θ𝑖(𝑝)𝑖      (1). 
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This approach is particularly useful in the case of a simple, first-order reaction, A(ads) →B(ads) since, 
𝜇𝐴 and 𝜇𝐵 can be measured before and after reaction to obtain the pass-dependent coverages and 
has recently been used to follow shear-induced reactions in an atomic force microscope (AFM) 6.   
The second approach is to measure the electrical contact resistance while sliding 7-10. This 
technique tends to be more useful for thicker films, but is often difficult to interpret unless the film 
structure and its conductivity are known.  The final approach is to measure the gas-phase products 
evolved during rubbing using a mass spectrometer.  Since the amount of product formed from such 
a small contact is relatively low, these experiments are carried out under high 11,12 or ultrahigh 
vacuum 13.  This approach allows both the reaction kinetics to be measured and the nature of the 
gas-phase products to be monitored. 
Since the information available from the in-situ techniques described above is sparse, it 
must be supplemented with ex-situ analyses as a function of the number of times that the surface 
is rubbed (referred to in the following as “the number of scans”) within the wear track.  This 
approach requires surface-sensitive (electron-based) spectroscopic techniques with reasonable 
spatial resolution to allow the nature of the worn and unworn regions to be compared.  X-ray 
photoelectron spectroscopy is perhaps the most chemically sensitive surface analysis technique 14 
but is often difficult to incorporate directly into the UHV chamber and is usually included in a 
separate analytical chamber.  Techniques based on excitation by high-energy electron beams are 
experimentally easier since the electron source is more compact than an X-ray source and does not 
need to be too close to the sample.  There are several electron-based spectroscopic techniques that 
can be used, notably Auger spectroscopy 14, which provides elemental information, and electron 
energy loss spectroscopy, which can be chemically specific 15,16. 
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The approach is illustrated in this work by using shear-induced boundary layer formation 
from the reaction of dialkyl disulfides on copper in ultrahigh vacuum 17. 
 
5.2 Experimental 
Tribological measurements were carried out in a stainless-steel, UHV chamber operating 
at a base pressure of ~2×10-10 Torr following bake out, which has been described in detail 
elsewhere 18.  Briefly, the chamber was equipped with a UHV-compatible tribometer, which 
simultaneously measures the normal load, lateral force and contact resistance between the tip and 
substrate and the experimental conditions and the data collection were controlled by a LabView 
program.  Previous work has demonstrated that the maximum interfacial temperature rise for a 
copper sample under the experimental conditions used (4×10-3 m/s sliding speed, 0.44 N normal 
load) is much less than 1 K.  All experiments were carried out by initially rubbing the tribopin 
(made of tungsten carbide covered by a copper transfer film of 1.27×10-2 m in diameter) against 
the clean copper sample until a constant friction coefficient was obtained, a process that usually 
required ~ 50 scans.  The reactants were dosed through a leak valve connected to a dosing tube 
(with an internal diameter of 4×10-3 m) directed towards the sample so that the pressure at the 
sample surface is enhanced compared to the measured background pressure.  The chamber was 
also equipped with a single-pass cylindrical-mirror analyzer (CMA) for Auger analysis, and an 
argon ion bombardment source for sample cleaning and depth profiling.  A high-resolution 
electron gun with a beam energy of 5 keV, and a channeltron secondary electron detector, were 
also incorporated into the system.  This allowed scanning electron microscopy (SEM) images and 
Auger profiles of the wear scars to be collected.  Finally, the chamber also included a quadrupole 
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mass spectrometer for leak checking, detecting gas-phase products formed during rubbing and for 
gauging reactant purity. 
The copper samples (Alfa Aesar, 99.99% pure, 1 mm thick) were polished to a mirror finish 
using 1 µm diamond paste and then rinsed with deionized water and ultrasonically degreased in 
acetone.  Once in UHV, the copper foils were cleaned using a standard procedure, which consisted 
of argon ion bombardment (~1 kV, ~2 µA/cm2) and annealing cycles up to ~850 K.  The 
cleanliness of the samples was monitored using Auger spectroscopy, where only Auger peaks due 
to copper were detected after cleaning. 
The dimethyl disulfide (DMDS, Aldrich, 99.0% purity) and diethyl disulfide (DEDS, 
Aldrich, 99.0% purity) were transferred to glass bottles and attached to the gas-handling systems 
of the vacuum chamber, where they were subjected to several freeze-pump-thaw cycles.  The 
purity of the compounds was monitored using mass spectroscopy. 
5.3 Results 
 The shear-induced reaction pathways of DMDS and DEDS were explored on clean copper 
foils in UHV 19.  A substantial amount of previous work has been carried out on DMDS, where it 
was shown that methane is the predominant reaction product, although some ethylene and ethane 
are formed so that all carbonaceous species are removed from the surface 13,17, similar to the 
thermally formed products at higher temperatures 20.  Repeated rubbing creates a clean surface by 
removing the outermost layers 17, and it has been shown that shear causes the resulting adsorbed 
sulfur to penetrate the bulk of the sample 21, in a mechanism proposed to occur by the formation 
of Kelvin-Helmholtz instabilities at the sliding surface 22-28. 
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 Experiments were also carried out to detect the desorption products from a surface exposed 
to DEDS using a mass spectrometer placed in-line-of-sight of the sample, and a typical plot of the 
mass spectrometer signal at 26 amu is shown in Figure 1, plotted as a function of the number of 
scans after saturating the surface (by exposure to 0.7 L of DEDS) that had been previously rubbed 
50 times to create a wear track.  The experiment was carried out as follows.  The pin was brought 
into contact at a preset load of 0.44 N, where the load was controlled by the LabView software.  
The sample was rubbed once while continually monitoring the mass spectrometer signal, and gas-
phase species were detected only during rubbing, giving rise to the pulses seen in Figure 1.  After 
the surface had been rubbed, the pin was brought out of contact, and then brought into contact once 
again to ensure that the loads were identical for each pass over the substrate.  This procedure was 
repeated unto no more gas-phase products were detected. The lack of signal when the surface was 
not being rubbed indicates that the gas-phase products are formed by rubbing, not by thermal 
decomposition of the adsorbate.  Finally, since the time for the pin to approach the surface varies 
somewhat for each pass, the time interval between the pulses is not uniform.  The data were 
collected using a sliding speed of 4 mm/s at a normal load of 0.44 N for a distance of 1 cm.  The 
background pressure in the chamber remained constant during these experiments because of the 
small amount of gas-phase products formed during sliding.  The plot shows distinct gas pulses that 
decrease in intensity as the surface becomes depleted of ethyl thiolate species 29 due to rubbing. 
Since reaction occurs in the contact between the pin and the copper substrate, the total amount of 
gas-phase products detected will depend on sliding distance, but the decay in the signal as a 
function of the number of scans will be independent of sliding distance.  Furthermore, since the 
sliding distance is much larger than the size of the contact between the pin and substrate, the 
contribution to the signal from the surface of the pin is negligible.  
-95- 
 
 
Figure 5-1 Plot of the 26 amu signal as a function of the number of scans at a load of 0.44 N at 
a sliding speed of 4 mm/s, after exposing the copper foil to 0.7 L of DEDS.  Note that the unequal 
intervals between scans arises from the different times between scans 
Similar results have been previously found when rubbing a methyl-thiolate-covered surface 
formed by dosing DMDS, to form methyl thiolate species on the surface, under the same sliding 
conditions 13, and show a similar exponential decay in the intensity of the methane desorption 
pulses as a function of the number of scans, p.  Experiments carried out by rubbing while 
continually dosing the surface showed only sulfur, but essentially no carbon on the surface and in 
the subsurface region of the sample indicating that carbon is completely removed as gas-phase 
products [17].  Assuming that the exponential decay of signal is time-dependent then the reaction 
time during sliding 𝑡(𝑝) is proportional to the number of scans, so that 𝑡(𝑝) = 𝑡𝐶𝑝, where tC is the 
time that a chemical species on the surface spends in the contact.  An exponential decay in signal 
-96- 
 
intensity indicates that the methyl thiolate species decomposes via a first-order process 13 with a 
rate constant k1, so that the thiolate coverage Θ𝑡ℎ is given by: 
    Θ𝑡ℎ(𝑝) = exp (−𝑘1𝑡𝐶𝑝)    (2)   
Note that the coverage Θ is taken to be the relative coverage, that is, the number of adsorbates per 
surface copper atom ratioed to the maximum number of adsorbates that can be accommodated per 
surface atom, so that 0 ≤ Θ ≤ 1.  A fit to the experimental data for methyl thiolate decomposition 
gives 𝑘1𝑡𝐶 = 0.63 ± 0.03 
13.  
Auger analyses of the sulfur coverage in the worn region show that the amount of sulfur 
decreases as a function of the number of scans (Figure 2).  Here the clean copper was rubbed 50 
times to create an initial wear track.  The sample was then exposed to DMDS to create a saturated 
methyl thiolate over layer, and rubbed under a load of 0.44 N at a sliding speed of 4 mm/s; Auger 
spectra were collected in the same position at various intervals.  In addition, it was found that 
redosing the surface with DMDS after rubbing a saturated thiolate-covered surface ~8 times, until 
the methane desorption had decreased to zero, leads to the evolution of an identical amount of 
methane as found after the first dose 13.  This indicates that a clean surface is formed after ~ 8 scans 
due to the shear-induced transport of practically all of the absorbed sulfur into the copper substrate 
17,21. 
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Figure 5-2 Plot of relative coverage of the sulfur in the wear track measured by small-spot-size 
Auger spectroscopy as a function of the number of scans for a methyl thiolate over layer on the 
surface, where the sulfur peak-to-peak intensity is normalized to that of the copper substrate.  
The normal load was 0.44 N, the sliding speed was 4 mm/s and the surface was pre-covered with 
thiolate species after a wear track had been created by rubbing the clean copper surface 50 
times.  The line through the data is a fit to the kinetic model 
As discussed above, the variation in friction coefficient can be used to monitor the change 
in the nature of the surface due to shear-induced reactions.  The resulting plot of friction coefficient 
as a function of the number of scans is shown in Figure 3 for a methyl thiolate-covered surface 
rubbed at a sliding speed of 4 mm/s under a load of 0.44 N.  Here the friction coefficient increases 
from an initial value of ~0.25 up to a final value of ~0.5, similar to the value  previously found for 
clean copper 17.  The line in the figure is a fit to the data, discussed in greater detail below. 
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Figure 5-24 Plot of the friction coefficient as a function of the number of scans while rubbing 
a methyl thiolate covered copper surface at a normal load of 0.44 N and a sliding speed of 4 
mm/s.  The line shows a fit to the data (see Discussion section). 
Similar kinetic experiments were carried out for copper dosed with DEDS, which forms 
ethyl thiolate species on the surface 29.  These experiments also yielded pulses of gas-phase 
products during sliding as shown in Figure 1 measured while monitoring 26 amu.  In order to 
establish how the amount of evolved gas from ethyl thiolate species on the surface depends on 
DEDS exposure, the integrated area of the mass spectrometer signal during the first pass at 26 amu 
was measured as a function of DEDS exposure in Langmuirs (1 Langmuir (L) = 1×10-6 Torr s).  
The results are displayed in Figure 4 and a line is plotted through the data as a guide to the eye.  It 
is observed that the yield of gas-phase products increases with DEDS exposure, but saturates at an 
exposure of ~0.2 L.  Note, however, that exposures were measured from the background pressure 
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in the vacuum chamber, while the local pressure at the sample is higher.  Exposures of 0.7 L were 
used for subsequent experiments to ensure that the surface was saturated. 
 
Figure 5-25 Plot of integrated areas of the first desorption pulse collected at 26 amu as a 
function of DEDS exposure in Langmuir (1 Langmuir (L) = 1×10-6 Torr s) from a dosing tube 
directed at the sample (●).  A line is drawn through the data as a guide to the eye. 
  
Experiments were carried out to monitor the gas-phase products formed during sliding for 
an ethyl thiolate-saturated sample obtained by dosing with DEDS, similar to the results displayed 
in Figure 1, by monitoring mass spectrometer signals at 2, 15, 16, 26, 29, 30 and 58 amu; no signals 
were detected at 2, 16 and 58 amu indicating that no hydrogen, methane or C4 hydrocarbons were 
produced at the sliding interface.  The 28 amu signal was not measured because of the large 
intensity at this mass due to residual carbon monoxide in the vacuum chamber; these results are 
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displayed in Figure 5, which plots the integrated peak areas for each desorption pulse at various 
masses as a function of the number of scans.  This shows that the yield at all masses decreases in 
a similar manner as each other as a function of the number of scans. The signals at 30, 29 and 15 
amu are due to ethane, and their relative intensities, along with others, are in good agreement with 
the mass spectrometer ionizer fragmentation pattern of ethane, measured in the same mass 
spectrometer used to collect the data in Figure 5.  The 26 amu signal is mainly due to ethylene 
formation, but also contains contributions from the fragmentation of ethane in the mass 
spectrometer ionizer.  The amount of ethylene produced during rubbing is calculated by 
subtracting the mass spectrometer contribution at 26 amu due to ethane using its fragmentation 
pattern.  The ethane and ethylene yields as a function of the number of scans are shown as an inset 
into Figure 5.  Plots of  ln (𝑌𝑖𝑒𝑙𝑑) versus 𝑝 − 1 were linear and yielded essentially identical values 
of 𝑘1𝑡𝐶 (0.60 ± 0.14 for ethane formation and 0.74 ± 0.04 for ethylene formation).  This suggests 
a common rate-limiting step for both reactions which, based on density functional theory 
calculations for methyl thiolate species on copper, is proposed to be due to shear-induced C–S 
bond scission to form alkyl species and sulfur on the surface 13. 
-101- 
 
 
Figure 5-5 Plot of the variation in integrated intensities of the 15 (■), 26 (●), 29 (▲) and 30 (▼) 
amu signals as a function of the number of scans, after saturating a copper surface, that had 
previously been rubbed 50 times, with an exposure of 0.8 L of DEDS; a sliding speed of 4 mm/s 
and a normal load of 0.44 N, were used.  Shown as an inset is a plot of the integrated area per 
pulse for ethane (■) and ethylene (●) formation.  The ethane signal is calculated by subtracting 
the contribution due to ethane fragmentation using the fragmentation pattern for ethane 
measured using the same mass spectrometer as used to collect the shear-induced desorption 
data. 
 Finally, a plot of friction coefficient as a function of the number of scans for an ethyl 
thiolate-covered surface is shown in Figure 6, at a sliding speed of 4 mm/s at a load of 0.44 N.  
The line is a fit to the data, discussed in greater detail below. 
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Figure 5-26 Plot of the friction coefficient as a function of the number of scans while rubbing 
an ethyl thiolate covered copper surface at a normal load of 0.44 N at a sliding speed of 4 mm/s.  
The line shows a fit to the data (see Discussion section). 
 
5.4 Discussion 
 At room temperature, both DMDS and DEDS react on copper by S–S bond scission to 
form alkyl thiolate species on the surface 20,29.  They decompose at ~300 K under the influence of 
shear via a first-order reaction, with rate constant k1 to produce hydrocarbons, predominantly 
methane with some C2 hydrocarbons in the case of methyl thiolate species, and ethylene and ethane 
in the case of ethyl thiolate, along with adsorbed sulfur. The adsorbed sulfur is then transported 
into the bulk under the influence of shear 17,21,30 to form a sulfur-containing boundary film.  This 
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reforms a clean copper surface that allows the reaction cycle to proceed once again.  The reaction 
pathway consists of a sequence of two shear-induced reactions: RS(ads) → S(ads) → S(subsurface), where 
the rate constant for the first reaction is k1 and for the second is denoted as k2.  The first-order 
decomposition of the alkyl thiolates yields a coverage as a function of the number of scans p given 
by Eqn. 2.  If the coverage of adsorbed sulfur, S(ads) formed by this reaction is denoted Θ𝑆 then, 
from the sequential reaction, adsorbed sulfur is formed by alkyl thiolate decomposition and 
removed by surface-to-bulk transport: 
     
𝑑Θ𝑆
𝑑𝑡
= 𝑘1Θ𝑡ℎ − 𝑘2Θ𝑆     (3), 
assuming that surface-to-bulk transport occurs via a first-order process and this will be discussed 
in greater detail below. The time variation in alkyl thiolate coverage Θ𝑡ℎ is given by Eqn. (2) so 
that substituting into Eqn. 3 gives: 
     
𝑑Θ𝑆
𝑑𝑡
= 𝑘1𝑒
−𝑘1𝑡 − 𝑘2Θ𝑆    (4). 
This can be solved analytically to give: 
    Θ𝑆 =
𝑘1
𝑘2−𝑘1
(𝑒−𝑘1𝑡 − 𝑒−𝑘2𝑡)     (5). 
Writing this as a function of the number of scans p, gives: 
    Θ𝑆(𝑝) =
𝑘1
𝑘2−𝑘1
(𝑒−𝑘1𝑡𝐶𝑝 − 𝑒−𝑘2𝑡𝐶𝑝)    (6). 
Since the Auger analyses (Figure 2) measure the sulfur from both adsorbed sulfur species and alkyl 
thiolate species, the coverage of all sulfur-containing species is calculated as Θ𝑆(𝑡𝑜𝑡) = Θ𝑆 + Θ𝑡ℎ, 
and this gives: 
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    Θ𝑆(𝑡𝑜𝑡) =
𝑘2
𝑘2−𝑘1
𝑒−𝑘1𝑡𝐶𝑝 −
𝑘1
𝑘2−𝑘1
𝑒−𝑘2𝑡𝐶𝑝   (7). 
However, it should be noted that the sampling depth in Auger spectroscopy depends on the electron 
escape depth and will thus also detect signals from subsurface sulfur, S(subsurface); strategies for 
addressing this issue are discussed below.  Finally, the coverage of the clean surface, Θ𝑐𝑙𝑒𝑎𝑛 is 
calculated from: 
     Θ𝑐𝑙𝑒𝑎𝑛 = 1 − Θ𝑆 − Θ𝑡ℎ    (8). 
Surface-to-bulk transport kinetics have previously been analyzed 17,21,30 following a model 
proposed by Rigney 22-25,27,28,31,32 in which Kelvin-Helmholtz instabilities cause the atoms at the 
surface to move into the subsurface region.  The film penetrates a distance 𝑑(𝑝) into the subsurface 
region as a function of the number of scans as: 𝑑(𝑝) = 𝑑𝑝𝑝
𝑥, where 𝑑𝑝 is the distance that the 
sulfur penetrates the subsurface region per pass.  The exponent x depends on the strain-rate 
sensitivity of the substrate which is expected to be approximately zero for a metal.  While the value 
of the strain-rate sensitivity is likely to evolve as the mechanical properties change during sliding, 
the sulfur depth distribution and the variation in the Auger signal as a function of number of scans 
have been found previously to be consistent with x ~ 1 30.  If the initial film thickness at t = 0 is d0 
(corresponding to the thickness of the original saturated sulfur over layer), then during shear for a 
time in the contact 𝛿𝑡, the width of the shear-induced region increases by 𝛿𝑧.  A value of x = 1 
implies that 𝛿𝑧 ∝ 𝛿𝑡 so that: 
𝑑𝑧
𝑑𝑡
= 𝑘 where k is a constant to be determined. If the initial (sulfur) 
coverage is Θ0 with a thickness of 𝑑0 and, since the number of atoms is conserved, when sulfur is 
transported into the substrate, the sulfur coverage is reduced such that Θ𝑆𝑑 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = Θ0𝑑0.  
Thus, during a time 𝛿𝑡 the coverage changes by 𝛿Θ where: 
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     Θ0𝑑0 = (𝑑0 + 𝑘𝛿𝑡)(Θ0 + 𝛿Θ)   (9), 
to give 
𝑑Θ𝑆
𝑑𝑡
= −
𝑘Θ𝑆
𝑑0
.  If the number of scans over the surface is p, and the contact time is tC, then 
over p scans the total contact time is 𝑝𝑡𝐶 and, from the above equation, the film will spread a 
distance 𝑑𝑝𝑝.  Integrating 
𝑑𝑧
𝑑𝑡
= 𝑘 shows that 𝑘 =
𝑑𝑝
𝑡𝐶
.  Thus, the surface-to-bulk transport rate 
equation is: 
      
𝑑Θ𝑆
𝑑𝑡
= −
𝑑𝑝Θ𝑆
𝑑0𝑡𝐶
     (8), 
which is a first-order reaction with respect to Θ𝑆, as assumed in the above analysis.  Writing 𝑘1
′ =
𝑘1𝑡𝐶  yields the following equation for the sulfur coverage, modified from Eqn. 6 as: 
     Θ𝑆 =
𝑘1
′
𝑑𝑝
𝑑0
−𝑘1
′
(𝑒−𝑘1
′𝑝 − 𝑒
−
𝑑𝑝
𝑑0
𝑝
)    (10). 
However, surface spectroscopies, including Auger spectroscopy, are sensitive not only to 
adsorbates but also include signals from the sub-surface region 14,33.  It has been previously shown 
that the Auger signal due to subsurface sulfur varies as 1/𝑝 30 so that the Auger signal contribution 
arising from subsurface sulfur is taken to be ∝
Θ𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑝+1
 where Θ𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the subsurface 
sulfur coverage and 𝑝 + 1 is used to avoid a singularity at p = 0.  Therefore, the sulfur Auger signal 
𝐼𝐴𝑢𝑔𝑒𝑟(𝑝) is given by: 
    𝐼𝐴𝑢𝑔𝑒𝑟(𝑝) ∝ 𝐼𝐴𝑢𝑔𝑒𝑟(𝑆) + 𝐼𝐴𝑢𝑔𝑒𝑟(𝑡ℎ) +
𝛼Θ𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑝+1
  (11), 
where 𝛼 is a constant.  Since Θ𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 1 − Θ𝑡ℎ − Θ𝑆, this yields: 
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  𝐼𝐴𝑢𝑔𝑒𝑟(𝑝) = (
𝑑𝑝
𝑑0
𝑑𝑝
𝑑0
−𝑘1
′
𝑒−𝑘1
′𝑝 −
𝑘1
′
𝑑𝑝
𝑑0
−𝑘1
′
𝑒
−
𝑑𝑝
𝑑0
𝑝
)(1 −
𝛼
𝑝+1
) + (
𝛼
𝑝+1
)  (12), 
which is normalized to the initial Auger signal of the clean surface. 
 
Analysis of Methyl Thiolate Kinetics 
 The above kinetic equations allow the rates of the shear-induced elementary reaction steps 
of alkyl thiolates on copper to be analyzed.  We start with the decomposition of methyl thiolate 
species for which 𝑘1𝑡𝐶 = 𝑘1
′  = 0.63 ± 0.03 as obtained above.   In order to obtain 𝑑𝑝/𝑑0, the sulfur 
Auger data (Figure 2) are fit to Eqn. 12 to yield values of α = 0.9 ± 0.1 and 𝑑𝑝/𝑑0 = 2.5 ± 0.5.  The 
results are verified by fitting to the friction data in Figure 3 by rewriting Eqn. 1 as: 
  𝜇(𝑝) =  𝜇𝑡ℎΘ𝑡ℎ(𝑝) + 𝜇𝑆Θ𝑆(𝑝) + 𝜇𝑐𝑙𝑒𝑎𝑛(1 − Θ𝑡ℎ(𝑝) − Θ𝑆(𝑝))  (13), 
where 𝜇𝑡ℎ, 𝜇𝑆 and 𝜇𝑐𝑙𝑒𝑎𝑛 are the characteristic friction coefficients of the thiolate-covered, sulfur-
covered and clean surfaces, respectively.  Here, the rate constants were constrained to be in the 
range determined above and 𝜇𝑐𝑙𝑒𝑎𝑛was allowed to vary between 0.45 and 0.55 found for sliding 
on clean copper.  The fit to the data is shown as a solid line in Figure 3 and yields 𝜇𝑡ℎ = 0.07 ± 
0.02, 𝜇𝑆 = 0.39 ± 0.06, and 𝜇𝑐𝑙𝑒𝑎𝑛 = 0.47 ± 0.05.  The resulting plot of the adsorbate coverages as 
a function of the number of scans for an initially methyl thiolate-saturated surface, at a load of 0.44 
N and a sliding speed of 4 mm/s, is shown in Figure 7.  This shows that a clean surface is indeed 
produced after ~ 8 scans, since the clean surface coverage (▲) becomes almost unity after this 
number of scans, thereby allowing the tribochemical cycle to be repeated to eventually form a 
sulfur-containing boundary film.  In addition, as a consequence of 𝑑𝑝/𝑑0 being much larger than 
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𝑘1
′ , the sulfur is transported into the subsurface region almost as quickly as it is formed on the 
surface resulting in the adsorbed sulfur coverage always remaining less than 0.2 monolayers (●). 
 
Figure 5-7 Plot of the calculated coverages of adsorbed methyl thiolate species (■), adsorbed 
sulfur (●) and the clean copper (▲) surface as a function of the number of scans over a methyl-
thiolate covered surface with a normal load of 0.44 N and a sliding speed of 4 mm/s. 
 
Analysis of Ethyl Thiolate Kinetics 
 A similar analysis was carried out for the shear-induced decomposition of ethyl thiolate 
species formed from DEDS on copper.  The values of 𝑘1𝑡𝐶  (𝑘1
′ ) are 0.60 ± 0.14 for ethane 
formation and 0.74 ± 0.04 for ethylene production (Figure 5), and therefore are similar to the values 
found for methyl thiolate species, consistent with the rate-limiting steps for both reactions being 
similar.  These kinetic parameters are used to fit to the variation in friction coefficient as a function 
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of the number of scans to verify that the kinetic measurements are consistent with in-situ 
measurements of the shear-induced chemistry (Figure 6).  The fit to the data yields a value of 
𝑑𝑝/𝑑0 = 2.5 ± 0.5, identical to that found for methyl thiolate decomposition, and yields an optimum 
value of 𝑘1𝑡𝐶  (𝑘1
′ ) = 0.50 ± 0.05, slightly lower than the corresponding value for methyl thiolate 
species on copper.  The best fit to the experimental data (shown as a line in Figure 6) is obtained 
with characteristic friction coefficients of 𝜇𝑡ℎ = 0.15 ± 0.04, 𝜇𝑆 = 0.43 ± 0.06, and 𝜇𝑐𝑙𝑒𝑎𝑛 = 0.50 ± 
0.05.  As expected, the last two values, 𝜇𝑆 and 𝜇𝑐𝑙𝑒𝑎𝑛, are in good agreement with those for a 
methyl thiolate covered surface.  However, the friction coefficient for a saturated layer of ethyl 
thiolate species on copper is somewhat larger (~0.15) than that found for methyl thiolate species 
(~0.07). 
 The resulting plot of adsorbate coverages for shear-induced ethyl thiolate decomposition 
as a function of the number of scans is displayed in Figure 8 which, because of the similar rate 
constants for the various shear-induced processes is similar to that found for methyl thiolate 
species (Figure 7).  In particular, a clean surface is formed after ~8 scans since the clean surface 
coverage approaches unity (▲), and the sulfur coverage remains low because of the relatively 
larger value of 𝑑𝑝/𝑑0 than 𝑘1
′  (●). 
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Figure 5-8 Plot of the calculated coverages of adsorbed ethyl thiolate species (■), adsorbed 
sulfur (●) and the clean copper (▲) surface as a function of the number of scans over an ethyl-
thiolate covered surface with a normal load of 0.44 N and a sliding speed of 4 mm/s. 
 
5.5 Conclusions 
The shear-induced reaction pathways and the elementary step kinetics for sliding-induced 
decomposition of alkyl thiolate species on copper are explored using in-situ and ex-situ techniques.  
The shear-induced reaction pathways are preceded by a thermal reaction that involves S–S bond 
scission to deposit alkyl thiolate species on the copper surface.  Shear induces thiolate 
decomposition to evolve gas-phase hydrocarbons, followed by rapid shear-induced surface-to-bulk 
transport of absorbed sulfur to produce subsurface sulfur.  This process recreates a clean surface 
that allows the cycle to be repeated so that the dialkyl disulfides act as gas-phase lubricants.  While 
ex-situ experiments, by definition, do not necessarily reflect the nature of the contacting interface 
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during rubbing, carrying out such experiments in ultrahigh vacuum minimizes the possibility of 
atmospheric reactions with the surface.  In addition, the results can be validated by comparing the 
results of ex-situ measurements with in-situ measurements of friction force.  It is thus expected 
that such an approach will be generally useful for determining shear-induced reaction pathways 
and their kinetics. 
Since, in the case of the shear-induced alkyl thiolate reactions, the rate of surface-to-bulk 
transport is higher than the rate of thiolate decomposition, it is essentially a single rate-limiting-
step reaction, RS(ads) → S(subsurface).  This offers the possibility of following the shear-induced 
reaction kinetics for a well-defined reaction pathway, in this case, alkyl thiolate decomposition, 
just by measuring the evolution in friction force using an AFM. 
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Chapter 6   
In-Situ and Ex-Situ Analysis of a Multi-Step Tribochemical 
Reaction 
 
 
 
6.1 Introduction 
While the notion that mechanical forces can induce chemical reactions has been known for 
millennia,1 mechanochemical synthetic strategies have undergone a renaissance over the past 
decades.2-15  The majority of the fundamental studies of the way in which an external force can 
induce or accelerate the rates of chemical reactions have predominantly come from using the 
exquisite force sensitivity of atomic force microscopy (AFM) to pull single molecules.16-24  
However, most mechanochemical reactions are induced at a sliding interface.  Indeed, perhaps the 
most economically and technologically important mechanochemistry involves the sliding-induced 
or “tribochemical” reactions of additives in lubricating oils to form a film that reduces friction 
and/or wear; it has been suggested that about a third of the fuel in automobile engines is wasted in 
overcoming friction.25  It has recently become clear that the chemistry of such lubricant additives 
is often mechanochemically induced.26-29 Consequently, the work reported here focuses on sliding-
induced reactions of adsorbates on planar substrates monitored in ultrahigh vacuum (UHV).29-34  
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This approach has the advantage of being able to study the tribo- or mechanochemistry of well-
defined  mechanophores under well-controlled conditions, thereby allowing the elementary steps 
in the mechanochemical reaction to be identified.  This strategy is used to study the mechanically 
induced reaction between dimethyl disulfide (DMDS) and copper to yield gas-phase hydrocarbons 
to form a copper sulfide film.  This can be viewed either as a tribochemical reaction that produces 
a friction-reducing film, or a model mechano-catalytic reaction in which surface chemistry and 
mechanical forces combine to induce a catalytic reaction that would not occur in the absence of 
the external force.  While DMDS is not a commercial lubricant, it does have the essential 
ingredients of these additives since DMDS contains S–S linkages that are commonly found in 
commercial, sulfur-containing lubricants. The simplicity of the model system enables the 
elementary steps in the reaction pathway, in particular those that are mechanochemically induced, 
to be identified.  The first of these is the mechanochemically induced decomposition of methyl 
thiolate (CH3–S(ads)) species, that form rapidly from DMDS on copper,35 to evolve gas-phase 
hydrocarbons (methane, ethylene and ethane) and deposit sulfur on the surface.34,36  The second is 
the transport of adsorbed sulfur into the subsurface region of the copper that regenerates a clean 
surface.30  
These steps were established using a combination of in-situ and ex-situ surface analytical 
techniques, which also allowed the rate constants for the elementary reaction steps to be 
measured.30,33,34,36,37   Continually repeating this mechanochemical reaction cycle by pressurizing 
the sample while rubbing should result in the accumulation of a layer of sulfur in the subsurface 
region of the copper which provides a friction-reducing tribofilm.  It is likely that this model 
includes, perhaps with some modifications, the essential ingredients of mechanochemical reaction 
processes in general.  However, the connection between the elementary-step reactions described 
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above and the steady-state behavior has yet to be made; this is the goal of the work described 
below. 
6.2 Experimental Methods 
Vacuum System 
 Mechanochemical measurements were carried out in a stainless-steel UHV chamber operating 
at a base pressure of ~2×10-10 Torr following bake out, which has been described in detail 
elsewhere.60  Briefly, the chamber was equipped with a UHV-compatible tribometer, which 
simultaneously measures the normal load, lateral force and contact resistance between the tip and 
substrate.  Previous work has demonstrated that the maximum interfacial temperature rise for a 
copper sample under the experimental conditions used (4×10-3 m/s sliding speed, 0.5 N normal 
load) is much less than 1 K.29   
All experiments were carried out by initially rubbing the tribopin (made of tungsten carbide 
covered by a copper transfer film) of 1.27×10-2 m in diameter against the clean copper sample until 
a constant friction coefficient was obtained, a process that usually required ~ 50 scans.  The 
samples were dosed with DMDS through a leak valve connected to a dosing tube (with an internal 
diameter of 4×10-3 m) directed towards the sample so that the pressure at the sample surface is 
enhanced compared to the measured background pressure.  The chamber was also equipped with 
a single-pass cylindrical-mirror analyzer (CMA) for Auger analysis, and an argon ion 
bombardment source for sample cleaning and depth profiling.  A high-resolution electron gun with 
a beam energy of 5 keV, and a channeltron secondary electron detector, were also incorporated 
into the system.  This allowed scanning electron microscopy (SEM) images and Auger profiles of 
the wear scars to be collected.  Finally, the chamber also included a quadrupole mass spectrometer 
for leak checking, detecting gas-phase products formed during rubbing and for gauging reactant 
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purity. Detailed measurement procedures are described in greater detail in the Supplemental 
Information section. 
XPS Measurements.  
XPS measurements were made by removing the sample from the UHV chamber in a nitrogen-
filled glove bag and storing them in a sealed container under nitrogen. Further experimental details 
are given in the Supplemental Information section.   
Materials. The copper samples (Alfa Aesar, 99.99% pure, 1 mm thick) were polished to a 
mirror finish using 1 µm diamond paste and then rinsed with deionized water and ultrasonically 
degreased in acetone.  Once in UHV, the copper foils were cleaned using a standard procedure, 
which consisted of argon ion bombardment (~1 kV, ~2 µA/cm2) and annealing cycles up to ~600 
K.  The cleanliness of the samples was monitored using Auger spectroscopy. 
The dimethyl disulfide (DMDS, Aldrich, 99.0% purity) and diethyl disulfide (DEDS, Aldrich, 
99.0% purity) were transferred to 
 glass bottles and attached to the gas-handling systems of the vacuum chamber, where they were 
subjected to several freeze-pump-thaw cycles.  The purity of the compounds was monitored using 
mass spectroscopy. 
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6.3 Results 
The elementary steps in the mechanochemical 
reaction between DMDS and copper and their 
kinetics have been measured using surface 
science experiments on adsorbed over layers in 
UHV.32  Sliding induces the decomposition of 
adsorbed methyl thiolate species at room 
temperature,29,31 similar to the thermal reaction 
occurring at higher temperatures (~450 K).35  
Shear also causes the resulting adsorbed sulfur 
to penetrate the bulk of the sample,30,31 in a 
mechanism proposed to occur by the formation 
of Kelvin-Helmholtz instabilities,38-44 thus 
resulting in the generation of vacant sites on the surface.  It is proposed that the formation of new 
sites will allow the mechanochemical reaction cycle to proceed.  The ideas are tested in the 
following to explore whether the elementary reaction steps and their kinetics measured for the 
monolayer can completely reproduce the steady-state mechanochemical reaction kinetics.  This is 
investigated by performing a mechanochemical reaction between DMDS and copper in UHV by 
pressurizing the UHV chamber with DMDS while repeatedly rubbing the sample.  The reaction is 
monitored in situ by measuring the evolution in friction force.  The experiments are supplemented 
by in-situ Auger spectroscopy measurements of the total amount of accumulated subsurface sulfur.   
Angle-resolved X-ray photoelectron spectroscopy (XPS) provides chemical information on sulfur 
and copper in the tribofilm and allows measurements of the sulfur in-depth distribution. 
 
 
Figure 6-1 Plot of friction coefficient as a 
function of the number of passes for the sliding 
of a copper-covered tungsten carbide ball 
sliding against copper after the completion of a 
run-in period (for ~70 scans) and then exposing 
the surface to a background pressure of 5×10-8 
Torr of dimethyl disulfide using a normal load 
of 0.44 N with a sliding speed of 4 mm/s. 
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 The experiment was carried out as follows.  First the clean copper sample was rubbed until 
the friction coefficient (µ, the ratio of the lateral force to the normal force) reached a constant 
value.  The experiment was performed by bringing the pin out of contact, moving to the starting 
position, and by bringing the tip into contact once again between each scan.  This protocol was 
adopted to ensure that identical normal forces were used for each scan and each approach-scan-
retract cycle took approximately 15-20 s.  Once a steady-state friction coefficient had been 
obtained after ~50 to 70 scans to create an initial wear track ~100 μm wide, the chamber was 
pressurized with 5×10-8 Torr of DMDS (where the chamber pressure was not corrected for the 
ionization gauge sensitivity) while rubbing was continued and the friction coefficient continually 
monitored using the same protocol as described above.  The resulting evolution in friction 
coefficient as a function of the number of scans, after completion of the run-in period on the clean 
surface, following which the sample was exposed to DMDS, is shown in Figure 1.  Note that the 
friction variation during the initial run-in period is not shown in this figure, and the first scan 
corresponds to the time at which the chamber was pressurized.  Here the friction coefficient 
initially decreases rapidly for ~10 scans and then shows a much slower decrease as rubbing 
continues.  The line is a fit to the experimental data that will be discussed in greater detail below. 
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Measurement of Total Subsurface Sulfur. 
 The elementary reaction steps proposed 
above include the transport of adsorbed sulfur into the subsurface region of the copper.  
Accordingly, continuously rubbing the copper sample in the presence of a background pressure of 
DMDS should result in the accumulation of sulfur in of the copper substrate. The total amount of 
sulfur that has penetrated the bulk can be measured by taking advantage of the observation that 
subsurface sulfur is thermodynamically less stable than sulfur adsorbed on the copper surface so 
that heating the sample will cause bulk sulfur to segregate to the surface.37  However, since the 
surface is also covered by sulfur and methyl thiolate species, it is carefully titrated by Argon ion 
 
 
Figure 6-2 A series of small-spot-size S 2p angle-
resolved XPS spectra inside the wear track after 
rubbing a clean copper sample after the 
completion of a run-in period in the presence of 
a background pressure of 5×10-8 Torr of 
dimethyl disulfide for 160 scans at a load of 0.44 
N and a sliding speed of 4 mm/s.  The spectra 
were collected at various take-of angles, 
indicated adjacent to the corresponding 
spectrum. 
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Figure 6-3 A series of small-spot-size S 2p angle-
resolved XPS spectra inside the wear track after 
rubbing a clean copper sample after the 
completion of a run-in period in the presence of 
a background pressure of 5×10-8 Torr of 
dimethyl disulfide for 160 scans at a load of 0.44 
N and a sliding speed of 4 mm/s.  The spectra 
were collected at various take-of angles, 
indicated adjacent to the corresponding 
spectrum. 
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bombardment (~120 s with a beam energy of 3 keV, 1 µA/cm2), where the point at which the 
surface sulfur had been completely removed was monitored using Auger spectroscopy.37 
The sample was then heated to ~600 K to 
cause the subsurface sulfur to diffuse to the 
surface once again and the total amount of 
segregated surface sulfur was measured using 
Auger spectroscopy.  The experimental results 
are shown in Figure 2 (■), where the line is a 
theoretical prediction based on a kinetic model 
described in the Discussion section.    
Angle-Resolved Electron 
Spectroscopy Analyses of Subsurface 
Sulfur. In order to identify the chemical state 
of the subsurface sulfur, the rubbed region (the 
wear track) was analyzed by angle-resolved 
XPS after transfer ring the sample from the 
UHV chamber in a glove bag to the XPS chamber, and then by removing any contaminant layer 
by Argon ion bombardment (Beam energy, 1 keV, Area, 3×3 mm2; 42 s).  The resulting S 2p XPS 
spectra as a function of emission-angle, measured with respect to the surface, are shown in Figure 
3 for a region of a sample that had been rubbed 160 times in a background of 5×10-8 Torr of 
 
 
Figure 6-4 Plot of the integrated area of the S 2p 
XPS feature, taken from the data shown in 
Figure 3 as a function of emission angle 
measured with respect to the surface for a sample 
that had been rubbed 40 (▼), 80 () and 160 
(▲) times in 5×10-8 Torr of DMDS with a load 
on 0.44 N at 4 mm/s.  The lines represent 
calculated variations in S 2p intensity as a 
function of detection angle after rubbing as 
discussed in the text. 
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DMDS.  Corresponding spectra for samples that 
had been rubbed 40 and 80 were similarly 
analyzed.  While the integrated intensities of the 
S 2p features vary as a function of take-off angle, 
the peak position remains constant with a S 2p3/2 
binding energy of 162.0 ± 0.1 eV, indicating that 
the chemical state of the sulfur does not vary as 
a function of depth into the sample.  The depth 
distribution can be obtained from the variation in 
intensity of the XPS signals as a function of 
angle using the maximum entropy method.45  
The variation in integrated intensities of the S 2p 
features are plotted in Figure 4 as a function of 
detection angle.  Note that the lines shown in 
Figure 4 are the results of predictions from the 
theoretical model discussed below. 
The Cu 2p3/2 signal is detected at ~932.6 eV 
but it is not possible to distinguish between 
metallic Cu and Cu2S, since the binding energies 
for copper are not sufficiently different to 
distinguish them. The use of the Cu LMM Auger signal has been exploited to distinguish the 
various chemical states.46-48  Figure 5 displays an example of the Cu LMM Auger signals after a 
 
 
 
Figure 6-5 Cu KLL Auger spectra obtained 
within the rubbed region for a sample that had 
been rubbed for 160 scans in 5×10-8 Torr of 
DMDS and then ion bombarded for 42 s to 
remove the contaminant layer, collected at 
detection angles of (a) 20° and (b) 70° with 
respect to the surface.  Shown also are fitted 
Auger profiles. 
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curve fitting procedure showing contributions to the Auger signal collected at 20° (Figure 5(a)) 
and 70° (Figure 5(b)) obtained after 160 rubbing cycles.   
Metallic copper is in blue: its intensity decreases with detection angle in agreement with the 
expected trend since the higher the emission angle, the lower is the sampling depth. An additional 
profile is fitted using the components of cuprous sulfide but by allowing the peak positions to vary 
slightly. The most intense peak for the metallic copper component (CuL3M45M45 
1G) is found at 
918.6 eV, (48 and references therein) while the additional signal has the most intense peak at 917.1 
± 0.1 eV kinetic energy.   For reference, the main Auger feature for Cu2O is found at 916.8 ± 0.1 
eV, 48 Cu2S at 917.4,
49 and CuO at 917.8 ± 0.1 eV 48 kinetic energies. 
 
6.4 Discussion 
Kinetic Analysis of Mechanochemical Reaction using first-order processes. The 
elementary steps and their rate constants for the mechanochemical reaction of DMDS with copper 
have been obtained from studies of adsorbed monolayers of methyl thiolate species on copper.34  
The reaction sequence is depicted in the Graphical Abstract.  Sliding causes the methyl thiolate 
species to decompose by S–C bond cleavage to desorb small C1 and C2 hydrocarbons to remove 
essentially all the carbon and deposit sulfur on the surface.31-33,37  Shear causes the resulting 
adsorbed sulfur to penetrate the bulk of the sample,30 in a mechanism proposed to occur by the 
formation of Kelvin-Helmholtz instabilities at the sliding surface.38-44  This produces a clean 
copper surface that can be repopulated with methyl thiolate species once again, resulting in a 
mechanochemical reaction cycle to form a sulfur-containing tribofilm.  Figure 1 shows that this 
film can effectively lower friction,31 where the changes that occur over a large number of passes 
indicate that a continuous reaction is taking place. The key goal is therefore to establish whether 
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these elementary-step reactions and their rates measured by surface-science techniques can be used 
to model the overall mechanochemical reaction process.   
The load (0.44 N) and sliding speed (4 mm/s) for the experiments were selected to be identical 
to those used to measure rate constants, k1 and k2, for thiolate decomposition and shear-induced 
surface-to-bulk transport.  Note that, in the absence of sliding, the rate constants for both processes 
are negligible; their rates are both mechanochemically accelerated.  For a first-order reaction, a 
time dependence for the mechanochemical acceleration of the reaction the time per pass over a 
point on the surface is must be defined, 𝑡𝐶.  The kinetic equations can then be written as a function 
of the number of passes over the surface 𝑝 where the reaction time 𝑡 is given by 𝑡 = 𝑡𝐶𝑝.  Since 
both the normal load and the sliding speed were kept constant, 𝑡𝐶 remains constant for each 
experiment. 
The rate constant for methyl thiolate decomposition, 𝑘1𝑡𝐶 = 𝑘1
′  = 0.63 ± 0.03,29 and the first-
order rate constant for the surface-to-bulk-transport of sulfur 𝑘2𝑡𝐶 = 𝑘2
′  = 2.5 ± 0.5.34  As a 
consequence of 𝑘2 > 𝑘1, the sulfur formed by thiolate decomposition is quite rapidly transported 
into the bulk. 
In order to perform this analysis, it is assumed that, if there are several reactants, intermediates 
and products on the surface, and if the ith component has a relative, time-dependent coverage Θ𝑖(𝑡), 
with an associated characteristic friction coefficient 𝜇𝑖, then the time evolution of the friction 
coefficient 𝜇(𝑡) can be written as34: 
  𝜇(𝑡) = ∑ 𝜇𝑖Θ𝑖(𝑡)𝑖     (1). 
The resulting characteristic friction coefficients for a methyl thiolate-covered (𝜇𝑡ℎ), sulfur-
covered (𝜇𝑆) and a clean surface (𝜇𝑐𝑙𝑒𝑎𝑛), were 𝜇𝑡ℎ = 0.07 ± 0.02, 𝜇𝑆 = 0.39 ± 0.06, and 𝜇𝑐𝑙𝑒𝑎𝑛 = 
0.51 ± 0.05.  Consequently, most of the parameters needed to model the mechanochemical reaction 
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between copper and DMDS have already been determined, except for the characteristic friction 
coefficient of copper containing subsurface sulfur, 𝜇𝑆(𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒), which will be used as an 
adjustable parameter. 
To model the continuous mechanochemical reaction, it is assumed that DMDS initially 
reacts with copper to produce a methyl thiolate coverage, Θ𝑡ℎ
0 , where coverages are defined as 
the number of adsorbates per surface copper atom ratioed to the maximum number of 
adsorbates that can be accommodated per surface copper atom, so that 0 ≤ Θ ≤ 1.  To 
calculate the coverage of methyl thiolate species that adsorb on the surface between each pass, 
the thiolate coverage in a previously rubbed portion of a copper sample was measured as a 
function of DMDS exposure measured in Langmuirs (1 Langmuir (L) = 1×10-6 Torr s), using 
the peak-to-peak intensity of the S LMM Auger signal.   
The mechanochemical reaction in a background of DMDS is modelled as follows.  For the 
first pass over the surface, following adsorption of an initial methyl thiolate coverage Θ𝑡ℎ
0 , then 
(i) the proportion of thiolate species that decomposes to give adsorbed sulfur and evolve gas-
phase hydrocarbons is calculated to give Θ𝑡ℎ(𝑝) for 𝑝 = 1 using the previously measured value 
of 𝑘1
′ , (ii) the resulting sulfur coverage Θ𝑆(𝑝) is calculated by assuming that each decomposing 
methyl thiolate species gives an adsorbed sulfur atom and, finally (iii) the amount of sulfur that 
is transported into the subsurface region Θ𝑆(𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒)(𝑝) is obtained.  In the 
mechanochemical reaction, the pins slides for ~ 1s.  The tip then comes out of contact, moves 
to the beginning of the rubbed region, and approaches the surface once again. This process 
typically takes ~15 to 20 seconds. During this period, a proportion P of the remaining clean 
copper surface (with coverage Θ𝑐𝑙𝑒𝑎𝑛) becomes covered by methyl thiolate species due to 
reaction with gas-phase DMDS, thus adding to any methyl thiolate species already on the 
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surface.   P should be in the range of ~ 0.4 to ~0.5.  This defines the initial conditions for the 
second pass (p = 2), and the extent of reaction of the various adsorbates is calculated once 
again.  The cycle is again repeated by occupying a proportion P of the vacant sites and recalculating 
the extent to which each of the surface components has reacted as a function of the number of 
passes p, to yield values of 
Θ𝑆(𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒)(𝑝), Θ𝑡ℎ(𝑝),  Θ𝑆(𝑝) and 
Θ𝑐𝑙𝑒𝑎𝑛(𝑝). Note that, because of the definition 
of coverage above, Θ𝑡ℎ(𝑝) + Θ𝑆(𝑝) +
Θ𝑐𝑙𝑒𝑎𝑛(𝑝) + Θ𝑆(𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒)(𝑝) = 1, which is 
used to obtain the clean surface coverage (or 
proportion or vacant sites). 
The friction coefficient 𝜇(𝑝) is calculated 
from Eqn. 1 as: 
𝜇(𝑝) =  𝜇𝑡ℎΘ𝑡ℎ(𝑝) + 𝜇𝑆Θ𝑆(𝑝) +
𝜇𝑐𝑙𝑒𝑎𝑛Θ𝑐𝑙𝑒𝑎𝑛(𝑝) + 𝜇𝑆(𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒)Θ𝑆(𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒)   
 (2). 
The results are compared with the experimental measurements to obtain best-fit values of Θ𝑡ℎ
0 , P 
and 𝜇𝑆(𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒).  It is expected that surface composition will evolve to some steady-state 
condition in which the mechanochemical reduction in thiolate coverage is balanced by the amount 
of methyl thiolate species formed by DMDS reaction with the copper surface between each pass.  
The kinetics model is described in greater detail in the Supporting Information section. 
Since the rate constant 𝑘1
′  and 𝑘2
′  have been determined previously,34 the only two unknown 
kinetic parameters that determine the surface composition are Θ𝑡ℎ
0  and P.  Changes in the value of 
 
 
Figure 6-6 Plots of the calculated coverages of 
adsorbed methyl thiolate, sulfur, the clean 
surface and subsurface sulfur as a function of 
the number of passes using parameters that gave 
the best fit to the friction data (Figure 1). 
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Θ𝑡ℎ
0  will predominantly influence the behavior during the first few scans and the subsequent 
evolution of the surface depends only on the value of P.   
The kinetic model is tested by calculating the friction coefficient as a function of the 
number of passes 𝜇(𝑝) by varying Θ𝑡ℎ
0  and P and fitting to the experimental results in Figure 
1 using previously determined values of 𝜇𝑡ℎ, 𝜇𝑆 and 𝜇𝑐𝑙𝑒𝑎𝑛,
34 so that only the value of 
𝜇𝑆(𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒) is adjusted.  The resulting fit is shown as a solid line plotted with the 
experimental data in Figure 1, where the agreement between theory and experiment is 
excellent.  The values used to obtain the best fit were P = 0.39 ± 0.02, Θ𝑡ℎ
0  = 0.23 ± 0.021 and 
𝜇𝑆(𝑠𝑢𝑏)= 0.12 ± 0.02, where the value of P is within the expected range.   
The evolution in the composition of the interface as a function of number of passes during 
gas-phase lubrication by DMDS is shown in Figure 6.  This reveals that the surface 
composition varies during the first few scans but rapidly reaches a steady state.  At the same 
time, the subsurface sulfur coverage increases. As sliding continues, shear causes the 
subsurface sulfur to penetrate further into the bulk of the sample so that sulfur continues to 
accumulate in the copper.  These observations rationalize the evolution in friction coefficient 
with the number of passes (Figure 1).  Here the rapid initial decrease in friction coefficient is 
associated with the adsorption of methyl thiolate species on the copper surface.  Subsurface 
sulfur then starts to accumulate, giving rise to the continued steady decrease in friction 
coefficient. 
Subsurface Sulfur Concentration and Distribution.  A direct test of the validity 
of the kinetic model comes from measuring the total amount of subsurface sulfur that builds 
up as scanning proceeds.  The results are plotted in Figure 2 (■).  The experimental results are 
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compared with the prediction of the model and are shown as a solid line in Figure 2, where the 
agreement is excellent, providing additional validation of the model.  
To further test the model, the theoretically predicted subsurface sulfur distribution is compared 
with the angle-resolved XPS results.   
Based on analyses of the kinetics of the mechanically induced removal of an adsorbed sulfur 
over layer30 using a model proposed by Rigney,39 it is assumed that the sulfur is transported a 
distance dp into the bulk for each pass of the tribopin over the surface so that a sulfur-covered 
surface that has been rubbed p times will penetrate a distance 𝑧 = 𝑝𝑑𝑝 into the sample.   If the 
initial sulfur overlayer thickness is 𝑑0, then the subsurface sulfur concentration 𝐶𝑆(𝑝, 𝑧
′),  is given  
 
𝐶𝑆(𝑝, 𝑧
′) =
Θ𝑆
(
𝑑𝑝
𝑑0
⁄ )
(𝑙𝑛 (
𝑝
𝑧′
) −
1
2
(
1
𝑝
−
1
𝑧′
))    (3), 
where 𝑧′ =
𝑧
𝑑𝑝
   As shown previously, 
𝑑𝑝
𝑑0
= 𝑘2
′ .34  The results are plotted in Figure 7 for p = 40 
(■), 80 (●) and 160 (▲) passes, where the concentration is plotted in units of monolayers of sulfur 
(ML), and the depth, 𝑧 is ratioed to the electron mean free path 𝜆 for S 2p electrons with a kinetic 
energy of ~1100 eV when using an Al Kα source.50  These results indicate that the sulfur has 
penetrated a considerable distance into the subsurface region of the copper and is of the order of 
the mean-free path of the emitted electrons so that angle-resolved XPS provides an ideal, non-
destructive means for measuring the depth profile.  The variation in the intensity of the S 2p peak 
was calculated by assuming that the signal originating from some distance d in the sample at a 
detection angle Θ with respect to the surfaces varies as exp (−
𝑑
𝜆 𝑠𝑖𝑛Θ
), where 𝜆 is the electron 
mean-free path.  The resulting calculated concentration profiles are shown in Figure 4 after rubbing 
40(‒‒‒), 80 (‒‒‒) and 160 (‒‒‒) times.  Shown also plotted on this figure are the experimental 
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data obtained from the spectra shown in Figure 4 for a sample that had been rubbed 40 (▼), 80 
() and 160 (▲) times in 5×10-8 Torr of DMDS.  The agreement between the theory and 
experiment is excellent. 
Nature of the Subsurface Sulfur. The S 2p XPS (Figure 3) indicate that the 
chemical shift, and thus the sulfur oxidation state corresponds to a sulfide (S2-) for all detection 
angles.  This implies that the sulfur has the same oxidation state even though the Cu:S 
stoichiometry varies as a function of depth and the number of times that the surface has been 
rubbed (Figure 7).   
The X-ray-stimulated Auger data (Figure 5) provide some additional information on the 
chemical state of the copper.  Metallic copper 
is clearly evident from the position of the major 
peak at 918.6 eV KE, and the lower relative 
intensity of this profile for grazing detection 
(Figure 5(a)) is in accord with the larger sulfur 
content near the sample surface (Figure 7).  The 
additional intensity in the Auger spectra gives 
the best fit to a profile with the main peak 
centered at 917 ± 0.1 eV KE.  Unfortunately, 
unlike XPS chemical shifts, the position of the 
main Auger feature does not vary 
monotonically with copper oxidation state so 
that, for example, the main peak for Cu2O is 
found at 916.7 eV, 48 Cu2S at 917.4,
49 and CuO at 918.7 eV KE.  This does indicate that a portion 
 
 
Figure 6-7 Plot of the subsurface sulfur 
concentration as a function of the total number 
of passes, 40 (■), 80 (●) and 160 (▲), where the 
concentration is plotted in units of monolayers of 
sulfur (ML), and the depth, 𝒛 is ratioed to the 
electron mean free path 𝝀 for S 2p electrons with 
a kinetic energy of ~1100 eV when using an Al 
Kα source 
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of the copper is oxidized, but has not yet formed a stoichiometric sulfide during the experiments 
carried out in UHV suggesting the sulphide ions are uniformly distributed throughout the surface 
region of the copper rather than agglomerating to form regions of stoichiometric sulphides.   
 The specific friction coefficient of the sample with subsurface sulfur is ~0.12, somewhat 
higher than the value of friction coefficient for copper lubricated by DMDS dissolved in a poly α-
olefin, where the friction coefficient was ~0.05 31.  In this case, the conditions were more severe 
than those for the UHV experiments and many result in the formation of a complete cuprous sulfide 
film.  However, the friction coefficient of cuprous sulfide has been found to depend on load and 
sliding velocity 51, which may also account for differences between the two experiments. 
6.5 Conclusion 
The foregoing analysis demonstrates that the elementary reaction steps in the 
mechanochemical reaction between DMDS and copper identified by experiments carried out on a 
methyl thiolate monolayer on copper effectively reproduce the steady-state reaction.  This 
indicates that the two mechanochemical processes, sliding-induced methyl thiolate decomposition 
and the surface-to-bulk transport of sulfur completely account for the mechanochemical reaction 
pathway.  It is not yet clear if these are all the processes that can occur in mechanochemical 
reactions.  However, they are likely to dominate the mechanochemical effects in tribochemical 
reactions.  However, it should also be pointed out that surface temperature increases due to 
frictional heating can also accelerate rates of chemical reaction and indeed have been found to 
dominate film formation processes for lubricants that operate under severe conditions.52-55 
Such studies will allow the physical origins of these elementary-step mechanochemical 
processes to be understood.  For example, mechanochemical reactions induced by an AFM tip 
have shown that the reaction rate increases approximately exponentially with shear-stress26 or 
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contact pressure.28  Such an effect is described in the mechanochemistry community by the Bell 
equation.56  However, the general physical concepts that describe the way in which an external 
force accelerates the rate of transition over an energy barrier were first presented at the beginning 
of the last century by Prandtl57 and also used by Eyring to model fluid viscosity 58 as well as other 
mechanically induced processes.59 
While some sliding-induced tribochemical processes result in a film forming on top of the 
substrate,27 the film is formed on copper by a surface-to-bulk transport process.  The total amount 
of sulfur in the bulk as a function of the number of passes (Figure 2) as well as the depth 
distribution (Figure 4) are reproduced by a model that indicates that the distance that adsorbed 
sulfur moves into the subsurface region is proportional to the number of passes.39  This suggests 
that this mimics processes that cause substrate oxidation and depends primarily on the strain-rate 
sensitivity of the material.   
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Chapter 7   
Ab-Initio Simulations of Change in Activation 
Energy of Decomposition of Methyl Thiolate with 
Normal and Shear Force 
7.1 Introduction 
Metallic friction causes huge energy losses in energy in large vehicles and cars; 28% of the 
energy used to run large machinery and cars goes to overcoming friction in transmissions and 
engines or loss from wear.1–3  The potential to reduce this by developing materials and coatings 
with low friction and wear is enormous, and a significant amount of work has gone into elucidating 
the principles of metal-on-metal friction to that end.4–8,9,10   
Chapter 5 showed that the friction coefficient of methyl thiolate on a copper foil can be 
described by the specific friction coefficients of the individual components and their relative 
abundance.  It follows that any model for predicting the friction coefficient of a lubricated metal 
will depend on the specific friction coefficient and abundance of each surface species.  It was also 
observed that the composition of the surface changes with friction-induced mechanochemistry. 
Therefore, to accurately model friction of lubricants on metals, the rates of reaction need to be 
accounted for. As of now the  rate of reactions induced by sliding, particularly metallic sliding, are 
not understood on an atomic scale.6,11–13,14   
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Atomistic friction modeling, including bond breaking, has been achieved using molecular 
dynamics (MD) simulations 15,16 17,18, but these require very small time-steps to replicate molecular 
vibrations, and the speeds needed to move several atomic spacings in the simulation time are ~ 
m/s, and much larger than to the sliding speeds in the experiment in this dissertation 4x10-3 m/s. 7 
 In this chapter a quasi-static approach was used to simulate the effect of normal and lateral 
force on the decomposition of methyl thiolate on Cu (100).  Atoms are moved step-wise through 
a range of positions and the structures are allowed to relax at each position to replicate the slow 
experimental sliding experiment speeds, ~ 10-7 Å/s.  Comparing this to the time scale of atomic 
vibrations, which are ~10-12/s, the methyl thiolate molecules in the experiments in chapters 4-7 
have time to respond to applied force to find the lowest-energy configuration and quasi-static 
calculations present a reasonable approximation.  Climbing Nudged Elastic Band (cNEB) 
calculations were carried out using a top slab of copper lowered toward a methyl-thiolate covered 
copper surface.  The change in activation energy is found as a function of normal force and the 
resulting activation barrier are compared to the prediction from extended Bell model theory of 
mechanical activation.  To find the effect of shear on bond strength the methyl thiolate was pulled 
across a Cu (100) at various changes in angle from the surface normal in directions along and 
diagonal to the lattice vector. 
7.2 Theoretical Methods 
Density functional theory (DFT) calculations were performed with the projector 
augmented wave method as implemented in the Vienna ab initio simulation package, VASP. The 
exchange-correlation potential was described using the generalized gradient approximation of 
Perdew, Burke and Ernzerhof.19  A cutoff of 400 eV was used for the planewave basis set, and the 
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wavefunctions and electron density were converged to within 1×10-6 eV.  Geometric relaxations 
were considered to be converged when the force was less than 0.03 eV/Å on all unrestricted atoms. 
Compression of the cell and climbing 
nudged elastic band (cNEB) calculations were 
performed on a 3×3×6 Cu slab with the top 
three layers free to relax and the bottom three 
layers frozen to mimic the influence of the bulk 
crystal.  A 3×3×3 slab of Cu atoms with fixed 
positions to replicate a thin layer of Cu bound 
to a WC pin 8 Å was added above the bottom 
slab with a vacuum layer above the upper slab, 
shown in Figure 1.  The k-point mesh and 
vacuum layer were varied to find a 
reproducible energy.   The first Brillouin zone 
was sampled with a 4×4×1 Monkhorst-Pack grid.  The upper slab was lowered in increments of 
0.2 Å and the system was allowed to relax before moving the slab another step.  Incremental 
lowering was necessary to get reproducible data for each level of compression.   
Activation energies were calculated using the climbing nudged elastic band (cNEB) 
method for the compressed system.  The initial and final states from step-wise compression 
calculations were found and a linear interpolation of the atomic positions was used to determine 
the initial positions of the cNEB images for the decomposition of methyl thiolate with the top slab 
eight angstroms above the lower slab.  Subsequent NEB calculations performed at distances less 
Figure 7-1 Methyl thiolate on Cu (100) with a 
top slab of Cu (100) at 8 Å, lowered in 0.2 
Angstrom steps 
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than eight angstrom used the positions of the sulfur, carbon, and hydrogen atoms from a converged 
path as the initial positions for the band images of the next cNEB performed. 
Shear and tilt calculations of the methyl thiolate on Cu (100) were performed on a 4×4×6 
slab of Cu (100) surface which was minimized in energy with respect to lattice constants and 
vacuum layer.  Then a methyl thiolate species was added to the surface in the a four-fold hollow 
site and relaxed.  Finally, the k-point mesh and vacuum layer were varied to find the minimum 
mesh and gap with reproducible energy.   The first Brillouin zone was sampled with a 2×2×1 
Monkhorst-Pack grid.20   
Tilts in the directions along and diagonal to the 
lattice direction, shown in Figure 1, were 
performed by tilting the methyl group step-wise 
around an axis through the sulfur atom in 10-
degree increments.    Simulations of shear force 
along and diagonal to the lattice directions were 
performed step-wise in increments of 0.05 and 
0.072 Å respectively.  The carbon atom was 
frozen in the direction of movement and 
allowed to relax in other directions.  Hydrogen and sulfur atoms were free to relax. 
 
 
 
Figure 7-2 A low (~0.125 ML) coverage methyl 
thiolate Cu (100) surface.  During calculations 
methyl group is tilted steps of 10 degrees in the 
direction of and diagonal to the lattice.  
Directions of tilt are indicated by arrows. 
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7.3 Results and discussion 
Change in Activation Energy with Applied Load 
To understand the context of this work it is important to discuss the extended-Bell model 
for the mechanical activation of bonds, which has been successful in explaining AFM friction21 
and pulling experiments.22,23  A short explanation is given below. 
The Arrhenius equation describes the probability of atoms or molecules overcoming some 
barrier to react at a given temperature and is given in equation 1:   
   𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝐴𝑒−𝐸𝑎/𝑘𝑇      (1) 
where the rate constant for the reaction depends on A, the pre-exponential factor, Ea, the activation 
energy, k, the Boltzmann constant and T, the absolute temperature. 
The Bell model adds a work term to the energy input to account for force moving the 
reactant toward the transition state, so that when the reactant has moved to the transition state the 
activation energy goes to zero.  This is accomplished by adding a force term, F and change in 
position, Δx, to the activation energy to make an effective activation energy, Eeff. 
    𝐸𝑒𝑓𝑓 = 𝐸𝑎 − 𝐹∆𝑥                            (2) 
A second term is added to Eeff to account for the change in the shape of the potential energy of the 
system under load in the extended Bell model: 
   𝐸𝑒𝑓𝑓 = 𝐸𝑎 − 𝐹∆𝑥 + 1/2∆𝜒𝐹
2   (3) 
where Δx = xI – xT, where xI and xT are the curvature of the initial and transition states. 
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Change in activation energy with 
normal force was calculated by 
lowering a top slab to apply force 
and then performing cNEB 
calculations.  The change in 
reactant energy is plotted as a 
function of the distance that the 
top slab moved, with the zero 
point being at a separation of 
eight Å, figure 3, with insets 
showing the beginning and end points of compression. 
A small attractive force was found between the top slab and the methyl group, giving an 
interaction energy of ~5 kJ/mol, typical of van der Waals interaction.  The force versus distance 
interaction is dominated by a large repulsive copper-methyl group interaction which supports the 
normal load, and the rest of the work will concentrate on the repulsive part of the curve. 
 The evolution in energy profile for the decomposition reaction with reaction coordinate is 
shown in figure 4, where the legend gives the distances moved by the slab.  The activation energy 
drops with normal load due to an increase in the reactant energy from the repulsive force between 
the copper and methyl group as mentioned above and a decrease in the energy of the transition 
state.   
The energy to compress the reactant versus the change in slab height from the lowest 
energy position is shown in figure 5, taken from the data in figure 3.  Since the force exerted on 
Figure 7-3 Energy to lower the top copper slab toward 
the methyl thiolate species on the surface.  Insets are 
beginning and end state of the compression. 
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the methyl thiolate species represents the force applied to the system, this energy versus 
displacement curve can be used to calculate the normal force.  From figure 3, there is an initial 
attractive interaction, which 
then becomes repulsive when 
the distance between the slabs 
is ~1.2 Å.   with only a small 
variation in the form of a 
linear term.   Accordingly, the 
data in figure 3 is shifted by 
1.2 Å to give zero energy at 
this position.  The line shown 
through the data is a fit to a 
harmonic potential, 𝐸(𝑥) =
 𝐸0 + 
1
2⁄ 𝑘𝑥
2.  The fit to the 
data is good, indicating that the interface deforms elastically and the elastic modulus for 
compressing the methyl thiolate species by the copper slab is found to be 0.51 ± 0.01 eV/Å2. This 
allows the initial-state energy and the energy at the transition state to be calculated as a function 
of the normal force acting on a methyl thiolate species.  
The evolution in the transition-state structure is shown in figure 6. The structure of the 
transition state showed changes with proximity of the top slab, increasing the copper-methyl bond 
length and moving the copper atom below it toward the top slab.  The carbon-hydrogen bond angle 
shifts from 109° to 117°, changing from tetrahedral to a trigonal bipyramidal geometry, indicating 
a highly attractive interaction. Table 1 gives the change in positions and distance between slabs, 
 
Figure 7-4 Change in activation energy as the top Cu (100) slab 
moves toward the bottom Cu (100) slab from the non-interacting 
distance, were the slab separation is indicated by the color of the 
line.  Arrows highlight the change in energy of reactant and 
transition state. 
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and views of the transition state for slab separations of 8 and 5.6 Å are shown on the left to act as 
a guide.   
The dramatic change in 
interaction between the methyl 
group of the methyl thiolate and the 
methyl group in the transition state 
suggests that the bonds of the 
transition state is dramatically 
different from the reactant, closer to 
resembling a methyl radical on an 
atop site than the methyl thiolate.     
 
Figure 7-5 Energy (eV) versus distance upper slab moved 
(Å) from the minimum energy position.  Red line is a 
quadratic fit to the curves, the elastic modulus is 0.51 eV/ 
Å2 
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The activation energy is calculated from the difference between the energy of the transition 
state and the energy of the initial state as a function of normal force and the results are shown in 
figure 7.  The red line is a fit to equation 3, where FTS and kr are the force and spring constant for 
the transition state and product, respectively, and shows an excellent fit. This yields values of ∆𝑥 = 
0.15 ± 0.02 Å and ∆𝜒 = - 2.2 ± 0.06 eV/Å2.  The negative value of ∆𝜒 reflects the unusual curvature 
of the plot of activation energy versus force, which is indicative of an anti-Hammond effect and 
arises because, in the case of compression, the change in energy of the initial state is larger than 
the change in energy of the transitions state. This result indicates that a normal force alone acting 
on a methyl thiolate species should lower the activation energy sufficiently to induce methyl 
thiolate decomposition at room temperature.  The value of ∆𝑥 implies that the methyl group moves 
by ~ 0.15 Å vertically in going from the initial to the transition state structure.  
Figure 7-6 Distance between top and bottom slab and change in bond length between methyl 
group and copper atom, and distance that copper atom moved upward from the lattice position.  
Transition state of the 8 and 5.6 Angstrom cNEBs are on the left as a guide. 
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 The change in activation energy with distance from the top slab is due to the response of a 
mechanically activated reaction 
that is catalyzed by the 
proximity of a reactive counter 
face.  A change from a reactant 
that has a repulsive interaction 
with the counter face to a 
transition state that has an 
attractive interaction means that 
the force on the reactant cannot 
be used to find the change in 
activation energy with load, as 
predicted by the extended Bell 
model.  In this case the change in activation energy with external load is not a function of work 
being done on the reactant to move it to the transition state but instead arises from the methyl 
radical of the transition state moving toward a lower energy state by the attraction to the copper of 
the top slab.  This is another difference from the extended Bell model shown in equation 3, and 
not comparable.   
Response to shear force by translation of the molecule 
The friction experiments in the previous chapters have applied both shear and normal force 
to the surface, and while the effect of normal load applied by a copper slab in the last section has 
provided some important insights in to the mechanical activation by normal force, the effect of 
shear force needs to be investigated. To this end, shear on the system via high symmetry paths was 
 
Figure 7-7 Activation energy in eV versus force, F, in eV/ Å 
acting on the top slab.  The red line is the equation 3 fit and 
shows good agreement to the data. 
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investigated by moving the methyl group of the methyl thiolate in a step-wise fashion along and 
diagonal to the lattice direction of the Cu (100) surface.   
The structures after moving 0.05, 0.1, 0.20, 0.25, 0.4 and 0.5 Å are shown in Figure 9 A-F. 
The initial response to shear is a tilt of the methyl group around the sulfur atom, then a translation 
towards and finally over the copper bridge site.   
The movement of the 
methyl group pulls the 
copper atoms bonded to 
the sulfur in the direction 
of sliding until 0.25 Å 
when the copper-sulfur 
bonds break and the 
copper falls back to 
lattice positions, visible 
in figures 8 A-C.  Small 
changes in the carbon-
sulfur bond length are observed, from 1.85 Å before moving to 1.87 Å in figure 8 C, just before the 
copper-sulfur bond breaks, then decreasing to 1.83 Å in figure 8 D. 
Similar results were found for translating the methyl group diagonal to the lattice direction, 
with separate bond-breaking events for the first copper-sulfur bond and the subsequent scission of 
two more copper-sulfur bonds as the methyl thiolate approaches an atop site.  Proceeding the step 
of two copper-sulfur bonds breaking, the carbon-sulfur bond lengthens slightly to 1.88 Å, then 
Figure 7-8 A-F moving the methyl group 0.5 0.15, 0.20, 0.25, 0.4, 
and 0.50 angstroms along the lattice direction. A-C show the copper 
atoms moving with the sulfur atom and then relaxing back to lattice 
positions in D.  D-F show the methyl thiolate moving over the 
bridge site. 
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shortens to 1.83 Å thereafter.  The relatively small changes in the sulfur-carbon bond with 
translation of the carbon are likely due to π* back-bonding interactions between the sulfur and 
copper, seen by Ohta. 24  Back-donation of charge to the anti-bonding orbitals of the methyl thiolate 
would result in stronger carbon-sulfur bonds as the sulfur-copper bonds break.  This agrees with 
the work of Konôpka25,26 in which mechanical bond breaking of the carbon-sulfur bond in methyl 
thiolate depended on the size of the copper cluster substrate and number of copper-sulfur bonds.  
As copper atoms were added to the cluster the carbon-sulfur bond became weaker and eventually 
C-S bond breaking was less energetic than simultaneously breaking three copper-sulfur bonds on 
Cu (111). 
A charge-density difference calculation 
was done to compare the change in 
charge when the methyl thiolate was 
added to the Cu (100) surface, shown in 
figure 9.  Blue regions indicate a 
decrease in electron density, red ones 
show an increase.  After bonding to the 
copper surface, the methyl thiolate 
shows a decrease in charge density 
between the carbon and sulfur atoms, 
indicating that the bond is weakened by 
the interaction with copper. 
Figure 7-9 Charge-density difference calculation 
between the methyl thiolate and copper calculated 
separately and together.  Blue regions indicate a 
decrease in charge density, red indicates a decrease. 
The carbon-sulfur bond shows a decrease in charge-
density, indicating π* back bonding, as discussed in 
the text.  
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  Figure 10 
shows the 
energy, force, 
and spring 
constant of 
translation 
along and 
diagonal to the 
principle lattice 
direction; blue 
lines guide the 
eye to the point 
where the bond 
breaks.  The 
mechanically 
activated bond-
breaking of the 
sulfur-copper 
bonds has a 
positive force.  
The inflection points in the energy occur in conjunction with bond-breaking events. 
Figure 7-10 A – C Energy, force, and spring constant for moving the methyl 
group along the lattice. D-F Energy, force, and spring constant for moving 
the methyl group diagonal to the lattice.  Steps in which one or more copper-
sulfur bonds break are marked with a blue line.  The inflection points of the 
energy with distance show bond breaking events.    
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Tilting methylate – response to load and shear 
To find the response 
to load and shear 
together, first the 
methyl thiolate was 
tilted around the 
sulfur atom in the 
lattice direction and 
diagonal to it to find 
the effect of normal 
force.  Figure 11 
shows the methyl 
thiolate tilted toward the bridge (A-C) and atop sites (D-F), resulting in distortion of the copper 
surface above 60° of tilting.  At 60°, a repulsive force begins to push the copper atoms into the 
surface, rather than breaking the carbon-
sulfur bond. The copper atoms are 
constrained by the bulk copper atoms, 
which therefore not infinitely 
compressible, that high force may break the 
carbon-sulfur bond.  The force in nN to 
rotate the bond through various angles is 
shown in figure 12, and reveals that an 
initial low tilting force rapidly increases the 
energy as the methyl group approaches the 
Figure 7-12 Force to tilt the copper toward bridge 
(black) or atop (red).  The force is low until around 
60 degrees, when it increases dramatically due to 
repulsive force between the methyl group and 
copper. 
Figure 7-11 Methyl thiolate tilting by 10, 60, and 90 degrees in the 
lattice direction and D-F, diagonal to it.  Copper atoms in the 
direction of the tilt are repulsed by the methyl group at higher tilts, 
moving from their lattice positions 
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copper surface.  The tilt toward the bridge and atop sites are nearly isoenergetic until 60°, when 
the difference in geometry of the methyl group to the copper atoms becomes important. 
Next, the tilted species were translated across the surface in the same direction as the tilt.  
Translating methyl thiolate with low tilt angles followed the same trend as the shear force 
calculations above.  The highly tilted species encounters a more corrugated surface due to the 
proximity of the methyl group to the copper.  Bond-breaking events consisted of sulfur-copper 
scission, rather than the carbon-sulfur bond cleavage.  The energies to translate the tilted species 
along the lattice direction and diagonal to it are shown in figure 13 A and B, respectively. 
7.4 Conclusion 
Several important results have been shown in this work. First, an external load applied by 
a copper surface can lower the activation energy of decomposition, and follows the extended-Bell 
model if the change in the reactant and product potential energy shape with force is included.  
Second, translating the methyl group across the surface to simulate shear does not break 
the carbon-sulfur bond, but does break the copper-sulfur bonds.  The change in interaction between 
Figure 7-13 Energy to translate a tilted methyl thiolate over the surface in A) the lattice 
direction and B) diagonal to it.  As the tilt increases the energy of translation increases due 
to repulsion between the copper and methyl group. 
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copper and sulfur atoms is indicated by the change in copper atom position as it relaxes back to 
the original lattice positions and the change in the position of inflection points in the energy versus 
position, plotted in Figure 10. 
Third, the sulfur-carbon bond remained nearly constant in length and did not break with 
force, but successive copper-sulfur bond breaking events were more energetic than the first.  The 
carbon-sulfur bond length remained unchanged while pulling, and this may be partially due to the 
weakening effect of the carbon-sulfur bond by back bonding into the π* orbital found by Ohta and 
Konôpka. 24,26  As the sulfur-copper bond breaks, less electron density is donated to the anti-
bonding orbital of the carbon-sulfur bond, causing the counter-intuitive result of strengthening the 
bond by pulling it.  This idea could be explored in greater detail by electron-density calculations 
to calculate the change in bond density while pulling. 
Last, the methyl group is strongly repelled by the copper which causes a significant distortion of 
the copper lattice, but leaves the carbon-sulfur bond unchanged. This suggests that, in the 
decomposition of methyl thiolate on copper by sliding, the sulfur-carbon bond is not broken by the 
forces exerted by contact with the metal until high load. 
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Chapter 8  
Response of a Methyl Thiolate-Covered Copper Surface to 
Change in Normal Force and Sliding Speed 
 
 
 
 
 
 
 
8.1 Introduction 
This work explores the relationship between the force, both normal and shear, on the 
decomposition of methyl thiolate species adsorbed on a copper foil.  Interfaces are difficult to 
study because they are ephemeral by nature with buried, nano-scale effects occurring within 
macroscale objects.  
Particularly, measuring the true contact area of a rough interface is of intense interest to 
the tribology community because sliding interfaces have been found to be composed of contacting 
asperities, and consequently the exact contact area is difficult to measure.1 The decomposition of 
a marker molecule on the surface can provide useful information about the contact mechanics and 
surface structure of a contact during rubbing. 
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In this chapter the nature of the contact is explored, and an initial hypothesis is put forth 
and a set of experiments is presented as a proof-of-concept to support the hypothesis.  A theory 
has not been developed, and while finding observable phenomena that demonstrate veracity of the 
hypothesis is possible, it is not within the scope of this project to do so.  
8.2 Experimental 
Experiments were carried out in a stainless-steel, UHV chamber operating at a base 
pressure of ~2×10-10 Torr following bake out, which has been described in detail elsewhere2–4. The 
chamber was equipped with a UHV-compatible tribometer in which a pin can be slid against a flat 
substrate, which simultaneously measures the normal load and lateral force by means of strain 
gauges.  Friction measurements were made using a range of sliding speeds from 1×10-4 to 1×10-2 
m/s. Mass spectrometer measurements of the gas-phase products formed during sliding were made 
using sliding speeds of between 1 and 8×10-3 m/s at a normal load of 0.44 N.  The spherically-
tipped pin (~1.27×10-2 m diameter) was made from tungsten carbide containing some cobalt binder 
and could be heated by electron bombardment in vacuo to clean it.   Adsorbed methyl thiolate 
species were prepared by dosing dimethyl disulfide (DMDS) through a high-precision leak valve 
connected to a dosing tube (with an internal diameter of 4×10-3 m) directed towards the sample so 
that the pressure at the sample was enhanced compared to the measured background pressure, 
which was set at 2×10-8 Torr during DMDS dosing (where pressures are not corrected for 
ionization gauge sensitivity).  Experiments were performed by initially rubbing the pin against the 
clean copper sample (~1 cm ×1 cm by ~ 1mm thick) 50 times at 4x10-3 m/s and 0.44 N load until 
a constant friction coefficient was obtained. 
The chamber also contained a single-pass, cylindrical-mirror analyzer (CMA) for Auger 
analysis, and an argon ion bombardment source for sample cleaning and depth profiling.  Auger 
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spectra were collected using an electron beam energy of 3 keV.  Finally, the chamber also included 
a quadrupole mass spectrometer (UTI model 100C) placed in line of sight of and ~10 cm away 
from the sliding contact.  The filament of the mass spectrometer was extensively outgassed prior 
to any experiments being carried out to minimize the background pressure.  The mass spectrometer 
was interfaced using a LabView program, which controlled the detected mass and monitored the 
mass spectrometer signal as a function of time.  The mass spectrometer was also used for leak 
checking and for gauging reactant purity.  An experiment was carried out by initially saturating 
the copper foil with DMDS after completion of the initial run-in period on the clean copper sample.  
The pin then approached the surface until reaching a preset load and was then moved across the 
surface at a preset sliding speed while simultaneously monitoring the normal load (FN), lateral 
force (FL), and in some cases the mass spectrometer signal.  The normal load remained constant 
during the scan and the friction coefficient was calculated from 𝜇 =
𝐹𝐿
𝐹𝑁
. 
The copper samples (Alfa Aesar, 99.99% pure, 1 mm thick, hard rolled) were polished to 
a mirror finish using 1 µm diamond paste and then rinsed with deionized water and cleaned 
ultrasonically in acetone.  Once in UHV, the copper sample was further cleaned using a procedure 
that consisted of argon ion bombardment (~1 kV, ~2 µA/cm2) and flash annealing cycles up to 
~850 K.  The cleanliness of the samples was monitored using Auger spectroscopy and it was found 
to exhibit rectangular low-energy electron diffraction (LEED) patterns after cleaning and 
annealing in UHV, indicating that the surface contained well-ordered Cu (100) regions.21 
The DMDS (Aldrich, 99.0% purity) was transferred to a glass bottle and attached to the gas-
handling system of the vacuum chamber, where it was subjected to several freeze-pump-thaw 
cycles.  The purity of the DMDS was monitored using mass spectroscopy. 
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8.3 Results 
The friction coefficient of a methyl thiolate covered copper foil was measured as a function 
of the number of passes for various normal loads.  The friction coefficient of the first pass as a 
function of applied load displayed in Figure 1, and shows that the initial friction coefficient is 
constant as a function of load, suggesting a plastic contact as in Amonton’s law, although it can 
also indicate elastic asperities.  As the number of asperities increase with load, the friction force 
for each contact remains the same, leading to a friction force that rises linearly with normal force 
to give a constant friction coefficient. The average coefficient of friction of the methyl thiolate 
covered surface during first scan, 0.34 ± 0.02, is considerably lower than that of a surface produced 
after 15 scans (Figure 1B) which is 0.53 ± 0.3.   
The surface analysis in Chapter4 showed that the methyl thiolate species ha completely 
decomposed after 15 scans due to sliding at 0.44 N load so that this represents sliding on the bare 
Figure 8-1 A) Friction coefficients of the first scan of a WC pin across a methyl thiolate covered 
copper surfaces. Average of the friction coefficient is 0.34 ± 0.02. B) Friction coefficient of the 
15th scan shows a wider range, with the 0.88N load value being significantly different from 
lower loads. 
A B 
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copper surface.  Interestingly, the bare copper has a constant friction coefficient over the range of 
loads tested until 0.88 N, after which it decreases.  This indicates that there is some change in the 
plastic response to pressure of copper that is not present in the thiolate-covered surface.  
It has been established that a sliding force can induce the decomposition of methyl thiolate 
on a copper foil and that the methane and methyl radical production follows an exponential decay 
with the number of times that the 
sample was rubbed, suggestive of 
first-order kinetics, as discussed in 
Chapter4.  The rate constant for 
methyl thiolate decomposition as a 
function of the number of passes 
measure from the methane yield, 
shown in Figure 1, reveals that 
increasing the normal load does not 
influence the sliding-induced 
decomposition rate constant and 
yields an average rate of 0.55 ± 0.09 pass-1.  
For a force-activated reaction, a constant reaction rate as a function of load is consistent 
with a plastic contact, that is, one in which the substrate deforms in response to stress, as expected 
from the friction coefficient data seen earlier.  As the force increases, the area of contact increases, 
and pressure on each molecule is constant, as described by Archard5 shown in equation 1, where 
A is the area of contact, W, the load, and pm,  the hardness of the softer of the two materials.   
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𝐴 = 𝑊/𝑝𝑚     (1) 
This predicts a linear 
increase in product of the 
decomposition with load, 
and the relationship is shown 
in Figure 3.   Mass 
spectrometer signals for 15 
(methyl radical a fragment of 
methane), 16 (methane), 26 
(ethyne and a fragment of 
ethane) and 30 (ethane) 
AMU were measured while 
rubbing at various loads and the total amount of gas-phase product, proportionate to the moles of 
product by some calibration constant of the mass spectrometer, C, increases linearly by 3.26 ± 0.53 
C/N. 
  Future experiments could be done to exploit this relationship to find the hardness of the 
surface, which is difficult to measure directly, but necessary for predicting the change in rate with 
pressure. 6–8  For a monolayer coverage, methyl thiolate on copper has a c (2×2) structure, using 
the accepted radius of the copper atom as 0.128nm, this corresponds to two methyl thiolates per 
1.05 nm2.     Multiplying the mass spectrometer signal by the calibration constant yields the total 
number of moles of product.  From the law of conservation of mass, moles of gas-phase carbon 
produced, Productg, can be used to calculate, MeS moles, and the area of the contact, Aactual, will 
be the number of moles product divided by the constant moles per area of reactant, equation 2, this 
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assumes, of course, that direct contact is required between an area on the surface and the counter-
surface to accelerate decomposition.   
𝐴𝑎𝑐𝑡𝑢𝑎𝑙 = 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑔/(
𝑀𝑒𝑆
𝑛𝑚2
)     (2) 
This can be substituted into equation 1 to find the hardness of the contact, pm.   
 The effect of sliding speed on the decomposition of adsorbed methyl thiolate species and 
influence on the friction coefficient was measured over the range of sliding speed from 0.1 to 10 
mm/s.  The coefficient of friction for the first pass over the thiolate-covered surface was constant 
as a function of sliding speed at 0.2 ± 0.02, as shown in Figure 4 A, indicating that the interaction 
between the surface and pin was unchanged with respect to speed.  Since the normal force was not 
changed during the experiment, this means that the lateral force of sliding on the thiolate-covered 
surface was constant with speed. The difference between the friction coefficient on during load 
and velocity experiments that can be seen is due to the slightly different wear in procedure used in 
the two experiments, which has a large effect on the friction coefficient, but does not seem to affect 
Figure 8-4 (A) Friction coefficient of the first pass over a methyl thiolate covered surface 
has a constant value of 0.2 ± 0.02 with speed. (B) change in friction with rubbing for all 
normal loads tested. 
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the rate of methane evolution, or the function of load and velocity on coefficient of friction.  These 
experiments were repeated upwards of 5 times each, with the same trends present in every trial.   
The bare copper produced after 15 
scans shows an increase in friction 
coefficient with increasing speed, giving 
rise to an evolution of the friction 
coefficient dependent on rubbing speed, as 
shown in Figure 4 B.  This indicates that 
there is some change in the plastic response 
of the either the bare copper surface, or the 
surface-to-bulk transport of the sulfur on 
the surface after decomposition of the 
methyl thiolate.  
 The rate constant for methyl thiolate decomposition was also constant as a function of 
sliding velocity, as shown in Figure 5, indicating that the shear force applied to the methyl thiolate 
was constant and above the plastic limit for the methyl thiolate-covered copper surface, as with 
load, or there is some catalytic enhancement of the rate that depends on contact, but not force, as 
discussed in the next section.  
Figure 8-5 Rate constant for methyl thiolate 
decomposition as a function of rubbing speed, 
0.59 ± 0.05.  Inset shows the peak area vs scan 
number for all scans. 
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In figure 6, methane peak area 
during first pass of the 
tribometer pin sliding over the 
methyl thiolate covered 
surface vs pin speed in mm/s, 
shows that the area of the 
methane peak during the first 
pass was relatively constant 
as a function of speed.  This 
shows that the number of 
decomposition reactions per 
pass was also relatively independent of the contact time between pin and methyl thiolate-covered 
surface. 
8.5 Discussion 
 The exponential decay of the gas-phase products released during rubbing suggests a time 
dependence that is consistent with a first-order reaction rate for methyl thiolate decomposition. 
Interestingly, the velocity data shown in Figures 4, 5 and 6 show no contact-time dependence for 
the production of methane, the friction coefficient, or reaction rate, but shows dependence on 
number of passes (Figure 4B) and an alternative model to the Bell theory9 is proposed for methyl 
thiolate decomposition in the following section. 
The load data in Figure 1 suggests that the surface undergoes plastic deformation while 
rubbing, which will create a change in the surface structure.  The increase in thiolate reaction rate 
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Figure 8-6 Peak area of the 16 amu peak of first scan when 
sliding on a methyl thiolate covered copper foil for each 
velocity compared to a 4 mm/s scan done immediately after. 
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during sliding could be caused by an increase in the coverage of reactive, low-coordination sites 
during rubbing or an increase in the number of contacts with a catalytic counter-surface, also cause 
by plastic deformation.  It has been shown that some copper single-crystal faces decompose methyl 
thiolate below room temperature10–12 and sites similar to these structures could induce by sliding, 
or configurations of methyl thiolate and the counter face.  If a mixture of surface structures induced 
by sliding is postulated, the rate of methyl thiolate decomposition will depend on the nature of 
these reaction sites, and the total rate constant for methyl thiolate decomposition will be the sum 
of contributions from these sites multiplied by that site’s relative abundance, as shown in equation 
3. 
𝑘 = 𝐴𝑎𝜃𝑎𝑒
−𝐸𝑎𝑎/𝑘𝑇 + 𝐴𝑏𝜃𝑏𝑒
−𝐸𝑎𝑏/𝑘𝑇 + 𝐴𝑐𝜃𝑐𝑒
−𝐸𝑎𝑐/𝑘𝑇 + ⋯+ 𝐴𝑛𝜃𝑛𝑒
−𝐸𝑎𝑛/𝑘𝑇    (3) 
where θn is the relative coverage of sites of type, n, with a decomposition activation energy, Ean a 
pre-exponential factor, An.  The total number of methyl thiolate sites, θtotal, is equal to θa + θb + θc 
+…+ θn and is normalized to unity.  The rate constant, k, depends on both instantaneous and time-
dependent processes, as in equation 4.   It is assumed that some extremely reactive sites are formed, 
for example, types b and c, such that their activation to decomposing methyl thiol species at room 
temperature is very low i.e., Ebc and Eac << kT ≈ 0 such that e-Eab/kT and e-Eac/kT ~ 1.  Equation 3 
then becomes: 
𝑘 = 𝐴𝑎𝜃𝑎𝑒
−𝐸𝑎𝑎/𝑘𝑇 + 𝐴𝑏𝜃𝑏 + 𝐴𝑐𝜃𝑐 + ⋯+ 𝐴𝑛𝜃𝑛𝑒
−𝐸𝑎𝑛/𝑘𝑇     (4) 
The rapid decomposition of methyl thiolate on sites of those designated b and c will 
dominate the overall rate.  An is the pre-exponential factor for the decomposition of methyl thiolate 
at all sites, n, with no thermal barrier at room temperature and is nearly constant for surface 
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processes, θn is the sum of the coverage of all sites such that e-Ean/kT ~ 1, such as sites b and c.  This 
simplifies equation 4 to equation 5. 
𝑘 = 𝐴𝑛𝜃𝑛      (5) 
The probability of finding any particular type of state on the surface during rubbing is 
predicted to follow the model that Eyring and Kraus developed to describe the plastic deformation 
of a solid.13 If  the formation and destruction of these reactive sites occurring on the surface is 
rapid compared to the movement of the pin across the surface, then the relative coverage for each 
site will reach some stable equilibrium value, and there will be no measurable time dependence in 
the rate of reactive site creation.  Such “time-independent” plastic deformation in metals is well 
known14–17 as the result of the equilibrium processes as described by the work of Eyring.18  If the 
number of reactive sites during rubbing remains constant, then the rate of production of methane 
from methyl thiolate per pass, d[Meg]/dp will be equal to the coverage of surface states with no 
barrier to decomposition of methyl thiolate, θn,  In the case of catalytic interaction between the 
methyl thiolate covered surface and the copper counter face (suggested by the DFT in Chapter 7) 
the explanation is even simpler, and the reactive sites are merely the product of the proximity of 
asperities to methyl thiolate in the interface.  In either case, the rate of gas-phase methane produced 
per pass is a function of the coverage of methyl thiolate at reactive sites with the pre-exponential 
factor as shown in equation 6. 
𝑑[𝑀𝑒𝑔]
𝑑𝑝
= −𝐴𝑛[𝑀𝑒𝑆𝑎𝑑𝑠] 𝜃𝑛    (6) 
Using equation 6 to solve for the methane yield per pass gives equation 7, which shows 
that the methane signal will decrease exponentially as a function of the number of passes, p, and 
the abundance of reactive sites.   
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ln(𝑀𝑒𝑔) = −𝐴𝑛𝜃𝑛𝑝     (7) 
The exponential decay of the methane signal from methyl thiolate decomposition with load 
found in this dissertation agrees with this model.  However, changing surface structure with loss 
of sulfur from the surface and work hardening could lead to more complicated variation on some 
surfaces.  
8.6 Proof of concept experiments 
Significantly more work is needed to develop a theory to model the coverage of each 
reactive site on material properties and sliding conditions and test it, and is not within the scope of 
this dissertation.  However, the work of Rigney19,20 suggests that nature of the surface sites is 
dependent on sub-surface flow processes, in which the atoms of the softer interface (in this work, 
copper) can be modeled as Kelvin-Helmholtz instabilities.  Atoms in the sub-surface region 
eventually migrate to the interface, creating mixing of surface and sub-surface materials, as found 
in this work.  This demonstrates that the nature of the surface sites is evolving with sliding, but 
models for this process need to be developed to correlate with the rate of decomposition.  Work 
on the rate of surface and subsurface deformation is currently being done by Agribay 21,22 and 
Dienwiebel et. al,23,24  and the rate of plastic deformation generated per pass could eventually be 
compared to the rate of evolution of methane caused by the decomposition of methyl thiolate on 
copper with sliding. 
The following section is not, as stated in the introduction, meant to be a unifying theory 
that brings these ideas together.  It is meant to serve as a proof-of-concept to show that further 
research in this area is a worth pursuing by indicating that the material properties of the substrate 
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can influence the rate of decomposition of methyl thiolate, and cannot be accounted for using a 
change in surface-structure that persists after contact. 
First, the time dependence of reactive surface structures within the sliding interface were 
investigated.  It has been shown that the structural changes of the copper do not increase the 
coverage of residual reactive surface sites for 1-alkene decomposition 25 left after contact is ceased, 
and therefore an increase  in reactive sites along the wear scar after the counter surface is removed 
for methyl thiolate is unlikely.   To verify that this is the case, the dimethyl disulfide was constantly 
dosed to a wear scar and rubbed while collecting the 16 amu desorption signal and the results are 
shown in figure 7 A.  The 16 amu signal while rubbing is clearly seen, even though the coverage 
of methyl thiolate was low due to the small time-interval for dosing between scans.  An expanded 
view of one of the peaks is shown in 7 B, showing that the duration of methane production from 
the surface is 1.1s, roughly the length of the time it takes to scan the surface and then remove the 
pin.  This indicates that reaction is not occurring on a more reactive surface in the rubbed region, 
Figure 8-7 Continuous dosing of dimethyl disulfide while rubbing.  Methane production is only 
present during rubbing.  (B) Width of the peak indicates that production of methane from the 
surface is dependent on contact with the pin. 
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but rather the act of rubbing the surface is inducing methyl thiolate decomposition a methane 
formation.  
Next, to 
confirm that the rate 
constant for methyl 
thiolate 
decomposition on the 
surface during sliding 
depends on the 
material properties of 
the copper substrate, 
the sample was 
softened by annealing 
in UHV for different times.  Annealing at 1000 K has a substantial effect on the grain size and 
therefore hardness, which is expected to decrease in copper with increasing annealing time and 
temperature.  Softer samples are expected to undergo more deformation under load, and since it is 
hypothesized that the rate of the reaction depends on the rate of deformation of the sample, a softer 
sample should be more reactive.  In this experiment the sample was annealed at 1000 K for five 
minutes, then cooled to 525 K and cleaned by argon bombardment to remove any sulfur that had 
been brought to the surface, and then heated again.  Many cycles of annealing and bombardment 
were performed, and the methyl thiolate decomposition rate was measured as a function of number 
of cycles, shown in Figure 8.  As the sample is annealed more times, the rate of the decomposition 
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more than doubles, indicating a likely dependence of the decomposition kinetics of methyl thiolate 
on copper with mechanical properties. 
The increase in reactivity with change in mechanical properties gives an opportunity to 
study the deformation of the surface during sliding with the copper structure.  This could be due 
to a softer interface allowing more points of contact per unit area, (see equation 1) and increasing 
catalysis sites in the interface, or it could be an increase in the reactive sites on the surface created 
by the sliding interfaces.  In this case, decomposition of methyl thiolate species can be used as a 
probe of the surface and near-surface structure during sliding and can be correlated with hardness 
from nano-indenter tests to measure the change in proportion of reactive states during rubbing as 
a function of grain size and sub-surface sulfur content within the wear scar.  This information will 
allow more accurate models for predicting the wear of metals and tribo-film formation to be 
developed.  Nudged-elastic-band calculations such as those presented in Chapter can be used to 
investigate the reactivity of various surface sites, and the relative coverage and activation 
energetics could be used in Monte-Carlo simulations to calculate the overall reaction rate to 
compare with experiment. 
 
8.7 Conclusion 
 The rate of decomposition of methyl thiolate species on copper foil as a function of the 
number of passes appears to be controlled by the mechanical properties of the substrate.  Plastic 
deformation of the copper is consistent with the lack of load or velocity dependence of the reaction 
kinetics, and the rate per pass of methyl thiolate decomposition does not depend on the length of 
time that force has been applied, but it does depend on the hardness of the copper sample, 
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indicating that the rate is likely controlled by a time-independent plastic deformation processes.  
These processes are present only during sliding because the continual roughening and smoothing 
of the surface during sliding is not present in the unrubbed system.  This mechano-chemical 
reaction could likely be used as a probe to quantify these ephemeral, highly localized reaction 
structures at sliding interfaces that control the mechanism of wear and tribo-film formation. 
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Chapter 9   
Conclusion 
  
 This experiments in this dissertation have provided several methods for investigating the 
acceleration of decomposition of methyl thiolate on a copper foil by normal and shear force. 
 The gas-phase products from the sliding-induced or “tribochemical” reaction of methyl 
thiolate on a copper foil decomposing to form gas-phase hydrocarbons and surface-sulfur were 
measured by mass spectrometry in ultrahigh vacuum (UHV) and found to follow first-order 
kinetics as a function of pass number.  The extended-Bell model was applied to the analysis of the 
energy profile of a climbing nudged elastic band calculation (cNEB) of the reaction pathway to 
find the minimum force needed to produce the rate of the decomposition seen in the experiment.  
The change in the rate constant for the decomposition of methyl thiolate under shear was compared 
to the distribution of shear forces applied per thiolate molecule as predicted by the molecular 
dynamics (MD) simulations and matched the experimental rate. 
 The tribochemical reaction of a methyl or ethyl thiolate molecule on a copper foil consists 
of several elementary steps.  First, the carbon-sulfur bond breaks, releasing a gas-phase alkyl group 
and leaving sulfur adsorbed on the surface.  Next, the sulfur is transported to the sub-surface 
region, leaving a clean copper surface.  It was found that the friction coefficient can be treated as 
the sum of the contributions from each component and the friction coefficient of each component 
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(methyl thiolate, sulfur, and copper) was multiplied by its relative abundance in the interface and 
fitted to the curve of the friction coefficient evolution with pass, showing good agreement.     
 This concept is applied to continuous dosing experiments to find the effect of the sub-
surface sulfur on the friction coefficient.  The amount of sub-surface sulfur after a given number 
of passes can be predicted from the rate of the surface-to-bulk transport and the friction coefficient 
of the sub-surface sulfur was found to be 0.12 ± 0.02, about double the friction coefficient of 
surface sulfur, 0.07. 
 Density functional theory was used to find the effect of normal load on the decomposition 
of methyl thiolate on a Cu (100) surface.  The result was compared to the extended-Bell model 
and found to be a good fit.  To find the effect of sheer, the methyl thiolate was moved step-wise 
across the surface in the high-symmetry directions.  It was found that the sulfur-copper bonds 
break before the sulfur-carbon bond with shear force, and it is likely that the sulfur-carbon bonds 
become stronger with copper-sulfur bond breaking due to a decrease in π* back bonding. 
The decomposition of methyl thiolate on a copper foil was tested for load and velocity 
dependence.  No dependence on load and velocity for the rate of decay was found, furthermore, 
no dependence on contact time for the amount of sliding-induced, gas-phase, methane production 
was observed.  A hypothesis was presented to explain the exponential decay of methane signal as 
a function of pass, rather than time.  Changes in the surface structure caused by plastic deformation 
account for the evolution of the gas-phase products, though follow-up experiments were not within 
the scope of this work.  
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